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ABSTRACT 



^ , We examine the global properties of the stellar and HI components of 229 low HI mass dwarf galaxies 

'^O ' extracted from the ALFALFA survey, including a complete sample of 176 galaxies with HI masses < 

10^'^Mq and HI line widths < 80 km s^^. SDSS data are combined with photometric properties derived 



(N 



f^ , from GALEX to derive stellar masses (Af*) and star formation rates (SFRs) by fitting their UV-optical 



m 



spectral energy distributions (SEDs). In optical images, many of the ALFALFA dwarfs are faint and of 

f^ . low surface brightness; only 56% of those within the SDSS footprint have a counterpart in the SDSS 

^N I spectroscopic survey. A large fraction of the dwarfs have high specific star formation rates (SSFRs) and 

estimates of their SFRs and AI^, obtained by SED fitting are systematically smaller than ones derived 

via standard formulae assuming a constant SFR. The increased dispersion of the SSFR distribution at 

^^ I M* < IO^Mq is driven by a set of dwarf galaxies that have low gas fractions and SSFRs; some of these 

H ■ are dE/dSphs in the Virgo cluster. The imposition of an upper HI mass limit yields the selection of a 

- - - sample with lower gas fractions for their A/* than found for the overall ALFALFA population. Many 

of the ALFALFA dwarfs, particularly the Virgo members, have HI depletion timescales shorter than a 

Hubble time. An examination of the dwarf galaxies within the full ALFALFA population in the context 

of global star formation laws is consistent with the general assumptions that gas-rich galaxies have lower 

star formation efficiencies than do optically selected populations and that HI disks are more extended than 

stellar ones. 

Subject headings: galaxies: dwarf -galaxies: evolution -galaxies: fundamental parameters - radio lines: 
galaxies - galaxies: star formation - surveys 



'Based on observations made with the Arecibo Obseivatoiy and the NASA Galaxy Evolution Explorer (GALEX). The Arecibo Observatory is 



1. Introduction 



Principal aims of current studies of galaxy formation and evolution include the exploration of the interplay 
between the gaseous and stellar components of galaxies and the mechanisms which trigger the conversion of gas 
into stars. During the last decade, wide area surveys such as the Sloan Digital Sky Survey (SDSS) and the Galaxy 
Evolution Explorer (GALEX) have enabled statistical studies of star formation (SF) in the local universe. For ex- 
ample j_galaxies_whichare currently forming stars, the so-called "blue-cloud galaxies" in the color-magnitude dia- 
gram (iBaldrv et al.ll2004l) . occupy a relatively n arrow "star- forming sequence" in a plot of specific star formation rate 
{SSFR = SFR/M^) versus stellar mass Af* ("Brinc hmann et al.fl2004 ISahm et al.ll2007b . with the SSFR declining 
as the stellar mass increases. Such a trend suggests that the galaxy's stellar mass regulates the overall star formation 
history (SFH), at least at intermediate masses. This star-forming sequence breaks down above ^ lO^'^ Mq, where 
the "red sequence", occupied by massive galaxies having lower values of the SSFR, becomes more prominent. The 
importance of the gaseous component is reflected in the Kennicutt-Schmidt law which relates the gas colu mn density 
(Song) to the SFR surface density CSsfr)- A super-linear slope is sometimes reached, e.g. ^ 1.4 as in iKennicutt 



(Il998a) . indicating that the star formation efficiency is higher in regions of higher gas surface density. However, the 
empirical relations among galaxy properties which are derived from such surveys apply to the galaxy populations 
which dominate them, typically the more massive and luminous galaxies. The same relations may not apply to dwarf 
or low surface brightness (LSB) galaxies. Of particular relevance to this work, in such objects the environment where 
star formation occurs may be quite different. 

Compared to the optically bright and massive systems which dominate the SDSS, gas-rich dwarf galaxies are 
often underrepresented in samples selected by stellar mass. Often the optical emission arising in such systems is very 
blue, patchy and of very low surface brightness or small in extent. However, gas-rich, low mass, low metallicity, low 
optical surface brightness galaxies are important to the study of star formation because the processes by which gas is 
converted into stars within such systems may mimic those which occurred in the early universe. As the most chemically 
unevolved systems within the present-day galaxy population, the faintest dwarfs represent unique laboratories for 
understanding star formation and galaxy evolution in extreme e nvironments, that i s, in regimes of low metallicity, low 
dust content, low pressure, low shear, and low escape velocity JBegum et alj|2008h . 



Several recent works suggest that the star formation in dwarf galaxies may proceed quite differently from that 
in large spirals. Based on a sample of very local dwarf i rregular galaxies, the Faint Irregular Galaxies GMRT Survey 
(FIGGS, Begu m et al.ll20 08: Rovchowdhurv et al.ll2009l) . found a lower average 'Ssfr. than would be expected from 



the Kennicutt-Schmidt law CKennicutll998bl). Mor eover, no threshold density is observed below which star formation 



98M 
■al] 



is completely turned off. Recently. iLee et al.l (120071) explored the distribution of the SSFR against absolute magnitude 



for a complete sample of ~300 star- forming galaxies within 1 1 Mpc of the Milky Way, from the 1 IMpc Ha UV Galaxy 
Survey (IIHUGS). In addition to confirming the transition in star formation activity at the high mass end, those authors 
found a second transition, with low luminosity dwarf galaxies (Mb ^ —15) having a very large spread in their SSFRs. 
This second transition suggests that the star-forming behavior may be distinct at the lowest mass rang e . After showing 



Lee et al. 



(l2009b ) suggest 



that other potential drivers are not able to explain the magnitude of observed systematics, 
that the over-prediction of the SFR by the UV flux compared to that estimated from Ha in dwarf systems is consistent 
with an IMF deficient in the most massive stars. However, those authors also point out that it is possible that some 
combination of effects may conspire to produce the observed trend, and thus the requirement of systematic variations 
in the IMF can be avoided. 
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The IIHUGS sample is complete in HI mass only above 2 x 10® Mq, becoming rapidly incomplete at smaller 
HI masses. To develop further the current understanding of how the gas supply regulates star formation in the lowest 
mass systems, a larger sample of extreme dwarf galaxies is needed. Making use of the Arecibo L-band Feed Array 
(ALFA), the on-going Arecibo Legacy Fast ALFA (ALFA LFA) extragalactic HI line survey is specially designed 
to identify low mass, gas rich objects in the local universe (IGiovanelli et alj|2005h . Because of its combination of 
wide areal coverage, sensitivity, and velocit y resolution, ALFALFA has already detected more than 400 galaxies 
with HI masses Mhi < lO^Mo (iHaynes et al. 2011). While star formation is mo re directly linked t o the molecular 
interstellar component, the detection of CO in low-metallicity dwarfs is difficult (ILeroy et al.ll2005l and references 
therein), suggesting further that CO no longer traces H2 well. Further more, in many gas -rich dwarf galaxies, the 
HI component dominates both the gas as well as the baryonic mass (e.g. lLerov et al.ll2007b . The combination of HI 
parameters from ALFALFA with complementary multi-wavelength data contributed by SDSS and GALEX provides 
an ideal dataset to investigate the abundance and distribution of gas-rich dwarfs and to explore the relations among 
their gas content, stellar populations and star formation properties. 

This paper is organized as follows. In f|2]we define our Hl-selected sample and present its basic gas properties. In 
fj3]we present the supplementary SDSS and GALEX data, especially our re-processed UV photometry. The directly 
measured colors and selected spectroscopic behavior are also briefly examined. In ij4] we describe how we utilize 
SED fitting techniques to obtain physical parameters for the dwarfs, e.g., M^ and the dust extinction-corrected SFR. 
We discuss in ij5] the relations between gas, star and star formation in dwarfs, and how they compare to the overall 
ALFALFA Hl-selected population. A summary is presented in ^ 

All the distance-dependent quantities in this work are computed assuming il = 0.3, A = 0.7 and Hq = 70 km 
s^i Mpc"\ and a .Chabrier. (.2003.) IMF is adopted. 



2. Sample selection 



In this section, we use the 40% ALFALFA catalog (a. 40: iHaynes et al.ll201 ll) to define two Hl-selected dwarf 
galaxy samples, one of which is complete in HI mass and velocity width is-com). The second sample is-sup) is 
less restrictive in those parameters but supplements the first through the availability of deeper GALEX NUV/FUV 
observations. We discuss here the selection of these two samples and their HI properties. In ^14. II we will define a 
third sample s-sed as a subset of dwarfs among the s-com and s-sup samples. 



2.1. The ALFALFA-SDSS parent sample 



Begun in 2005, the ALFALFA survey has been using the 7-beam ALFA rec eiver to conduct a blind search for HI 
sources with cz < 18000 km s^^ over 7000 deg'^ of high galactic latitude sky ( IGiovanelli et alj|2005b . The targeted 
regions cover the sky visible to Arecibo < Dec. < +36° in bofli flie spring (07^30"" < R.A. < 16''30") and fall 
(22^^00™ < R.A. < 03''00™) night sky. With a median cz of -8200 km s-\ ALFALFA for the first time samples the 
HI population over a cosmologically fair volume, and is expected to detect —30,000 extragalactic Hl-line sources out 
to redshifts of z — 0.06. As a second generation wide area HI survey, ALFALFA is designed to greatly improve on the 
HI census derive d from previous resu lts. For example, ALFALFA is 8 times more sensitive than the HI Parkes All-Sky 
Survey (HIPASS lBarnes et al.ll200lh . with 4 times the angular resolution and 3 times the velocity resolution, all of 



which are essential to t he discovery of the lowest HI mass objects. In particular, HffASS detected only 1 1 objects 
with AIhi < lO^'^M© dZwaan et al.ll2005h whereas ALFALFA is detecting hundreds of such low mass systems. For 
example, at the distance of the Virgo Cluster, ALFALFA is sensitive down to — 3 x IO^Mq for sources with S/N 



~6.5 (IGiovanelli et al.ll2007t iHavnes et al.ll201 lb . In addition, HI source positions d erived from ALFALFA can be 
determined with a median accuracy of about 20" (see Eqn 1 of H avnes et alj|201 ih . allowing the identification of 



optical/UV counterparts for the vast majority of HI sources without the need for follow-up synthesis mapping. While 
source confusion within the 3.5' arcmin beam can affect sources at large distance, it has little effect on the identification 
of nearby dwarfs, except when they are located in close proximity to giant neighbors. 

The current ALFALFA survey, "a.40 ", covers ^ 40% of the final survey area, and includes a catalog of 15855 HI 
sources, 15041 of which are extragalactic (H avnes et al.luOl lb . The remainder have no optical counterparts (OCs) and 
lie at low velocities which are consistent with Galactic phenomena, e.g., as high velocity clouds (HVCs). ALFALFA HI 
detections are further categorized by source reliability: Code 1 sources are reliable extragalactic detections with high 
signal-to-noise ratio (S/N > 6.5) while Code 2 sources, also known as "priors", have lower S/N (4.5 < S/N < 6.5) 
but coincide with an OC of known optical redshift matching the HI measurement. The HVCs are identified as Code 9 
objects. Further details are given in Hav nes et al. ( 201 1). 

HI masses in units of solar mass are obtained from the relation Mhi — 2.356 x lO^D^ Sint, where D is 
the distance in Mpc and Sint is the integrated HI line flux density in units of Jy km s^^. In the local universe, 
distance determinations suffer significantly from the uncertainty introduced by a galaxy's peculiar velocity. In order to 
minimize the HI mass error introduced by the uncertainty in distances, we adopt a peculiar velocity flow model which 
incorpo rates both prirnary d istances available from the Hterature and s econdary distances derived from the SFI-H- 
survey dSpringob et al.ll2007b . The flow model derived bv iMastersI (l2005b is adopted for galaxies with czcmb < 6000 
km s~^, while distances for more distant objects are derived from redshifts in the CMB rest frame. Primary distances 
are assigned to indiv idual galaxies wherever available from the literature, and following the method discussed in 
Springob et al.l(l2007h . galaxies identified as members of groups and clusters are placed at the distance to their assigned 
hierarchical unit. We have been conservative in ambiguous cases, assigning larger distances where a choice is given 
to avoid the inclusion of higher mass galaxies in the present analysis. 

All of the spring sky coverage of ALFALFA and part of the fall sky survey region overlap the footprint of the 
SDSS Legacy Survey, thereby allowing a direct cross-match of the two. As part of the ALFALFA catalog production 
process, th e HI detections hav e been crossed matched to SDSS DR7 photometric objects for 12470 of the a. 40 HI 
detections JHavnes et alj|201 ih . Through SED fitting to the five SDSS photometric bands (see i]4.1l ). we are able to 
derive additional basic properties of the full q;.40-SDSS HI selected parent sample. A more detailed discussion of 
the a.40-S DSS-GALEX sampl e in general, as well as the selection effects characteristic of the a. 40 survey will be 
presented in lHuang et al.l (l2012h . As discussed in lHaynes et al.l (1201 ih . the identification of OCs to the a. 40 HI sources 
and the cross match to the SDSS DR7 is not a perfect process; in individual cases, the wrong counterpart may have 
been selected, the SDSS photometry may be bad etc. However, the cross match with the SDSS DR7 allows us to make 
a first statistical study of the relationships between gas, stars and star formation, and provides us with a parent sample 
of gas-rich galaxies within which we can explore the distinctiveness of the lowest HI mass systems. 



2.2. A complete Hl-selected dwarf sample 

The studies which infer global properties derived from the SDSS main galaxy catalog are highly biased against 
the inclusion of dwarf irregular galaxies because of the magnitude and surface brightness limits on the SDSS spec- 
troscopic targets (r < 17.77 and fir. 5q ^ 23.0 mag arcsec"^). Since Mni/Lopt increases with decreasing Lopt, 
Hl-selected samples are more inclusive of star-forming galaxies than optical samples of similar depth. Because of 
their relatively young stellar populations and low dust contents, gas-rich dwarfs are typically blue and often patchy in 
optical appearance; at the same time, they are often extended and diffuse in HI. Since the cold gas is the fuel needed 



to sustain star-formation, a blind HI survey of sufficient depth, like ALFALFA, is especially effective in identifying 
star forming systems at the low mass end, and hence should offer a full census of star forming galaxies in the local 
universe. 

In order to identify a sample of low mass, gas-rich dwarfs, we have applied selection criteria to the a. 40 catalog 
as follows: (i) ALFALFA detection code = 1 or 2 (reliable sources and priors, but no HVCs); (ii) log Mhi < 7.7; (iii) 
velocity width of the HI line, W^q < 80 km s^^; (iv) the optical images were visually inspected to eliminate the ones 
without optical counterparts, th ose which ap pear to be more massive but Hl-deficient galaxies. Following the detailed 



analysis of the HI mass error in lMartin et al.l (12010.) and Havnes et al.. (.201 1) . the log Mhi error in the 7.5 bin is ^0.2 



dex. Hence, requirement (ii) ensures that we are unhkely to miss dwarfs with log Mhi < 7.5 due to their HI mass 
error Criterion (iii) helps to insure that we include only truly low mass systems. Based on criterion (iv), 2 gas-poor 
face-on giant galaxies (UGC 7622 = NGC 4469 and UGC 7718 = NGC 4526) have been removed. Both have SDSS r- 
band absolute Petrosian magnitudes brighter than —18 and are early type spirals situated in the Virgo cluster; their HI 
masses and velocity widths are unusually low, probably due to interaction within the cluster environment . Additionally, 



extragalactic HI sources without OCs (38 of them) are dropped. As discussed bv ' Havnes et al 



] 201 ll). the ma ioritv 



of those are part of the extended HI structures in the Leo region: the Leo Ring and Leo Triplet (" Stierwalt et al.ll2009ft 
or are similar fragments associated with nearby groups of galaxies. With these objects removed, the final complete 
ALFALFA dwarf galaxy sample, referred to hereafter as s-com, contains 176 galaxies. 

The designation of 'complete' for this Hl-selected sample emphasizes that it is a complete subset of the a. 40 
catalog. Because the ALFALFA sensitivity depends not only on the integrated flux but also on the profile width, 
there is no si mple translation of a limiting flux to the lower limit on the HI mass but the completeness can be well 



characterized (IHaynes et al.ll201 11) . Of particular relevance here, we note that, at the mean W^q = 36.8 km s^^ of the 
s-com galaxies, a. 40 is 90% complete to logMni — 7.1 and 25% complete to lo g Mhi = 6.9, wi thin a distance of 
llMpc. In comparison, the IIHUGS sample is complete in logMni only to 8.3 (ILee et alj|2009ah within the same 



distance. While we include all the low HI mass detections in the s-com sample out to a distance of ~ 30 Mpc, the a. 40 
completeness limit at that distance is well above the HI mass upper limit of the s-com sample, logMni = 7.7. Thus, 
s-com sample is not complete in a volume-limited sense, but it does probe the extreme low HI mass tail of the a. 40 
catalog. 



2.3. Supplementary dwarf galaxies with GALEX data 

Since ALFALFA is an on-going survey, its catalog of HI detections continues to grow with time. Similarly, the 
simultaneous undertaking of the GALEX satellite mission has provided some opportunity to obtain images in the 
NUV and FUV bands for early ALFALFA detections, at least until the GALEX FUV channel failure in 2009. Because 
exploration of the population of galaxies which define the low mass end of the HI mass function (HIMF) has always 
been one of the main goals of ALFALFA, we proposed to obtain GALEX MIS (Medium Imaging Survey) level FUV 
and NUV observations of low HI mass targets, based on early releases of the ALFALFA catalog, in GALEX cycles 3, 
4 and 5 (GI3-84, GI4-42 and GI5-2). As ALFALFA has progressed, the identification of the lowest HI mass population 
has likewise been an ongoing process, extending to lower HI masses as its catalog of HI sources has grown. Hence, the 
complete a. 40 low mass sample s-com as defined above is more restrictive in HI mass than our GALEX target dwarf 
galaxy lists which were based on early ALFALFA catalogs. Fortunately, although the criteria for the GALEX target 
selection derived from the early ALFALFA catalogs were less restrictive in terms of HI mass and velocity width, the 
ALFALFA-based GALEX targets are nonetheless of relatively low mass. Of the 77 galaxies for which we acquired 
GALEX FUV/NUV observations, 24 overlap with the strictly complete sample s-com. The remaining 53 galaxies 
have somewhat higher HI masses (see discussion in m.Ai : we refer to this supplementary sample as s-sup. While the 



s-sup sample is not complete in any sense, the availability of GALEX MIS-depth imaging in both FUV and NUV 
bands for its galaxies allows us to explore with better statistics the low HI mass systems so that we can test for trends 
(or thresholds) with HI mass at the low mass end of the HIMF. 



2.4. HI properties of the ALFALFA dwarf sample 

The combination of the two samples s-com and s-sup yields a final ALFALFA-selected set of 229 low HI mass 
and low velocity width dwarf galaxies upon which we base the analysis presented here. Table [T]presents the relevant 
UV, SDSS and HI properties for them. Columns are as follows: 

• Column(l): ALFALFA catalog identifier (also known as the AGC number). 

• Columns(2) and (3): J2000 position of the OC assigned to the HI source. 

• Columns(4) and (5): The adopted FUV and NUV magnitudes, with their associated error, respectively, as de- 
rived via our reprocessing of the GALEX images (see ij3.2| i. 



• Column(6): The r-band modelmag with its associated error, from the SDSS pipeline. 

• Column(7): The u — r color with its associated error, from the SDSS pipeline. 

• Column(8): The SDSS code sFlag indicating the quality of SDSS photometry as defined in 

• Column(9): The adopted distance with error, in Mpc. 

• Column(lO): The logarithm of the HI mass and its error, taken from the a. 40 catalog (IHavnes et al.ll201 ih 



• Column(l 1): The logarithm of the stellar mass and its error, derived from SED fitting (see i^4.2t 

• Column(12): The logarithm of the SFR and its error, in solar masses per year (see il4.5l l 

Figure[T]shows histograms of the recessional velocity cz, adopted distance, observed HI line width and logarithm 
of the HI mass for the combined ALFALFA dwarf sample, with shaded areas identifying the complete sample, s-com 
and the open areas indicating the additional s-sup galaxies. As expected since the lowest HI masses are detected only 
nearby, most galaxies lie within the Local Supercluster at cz < 3000 km s^^. The peak in the distance distribution 
at 16.7 Mpc arises from the assign ment of Virgo m embership to a significant number of the dwarf galaxies. A cross 



match with the VCC catalog (Bi nggeli et alj|1985l) shows that there are 37 Virgo members belonging to the dwarf 
sample defined here (35 in s-com and 2 in s-sup). The dashed vertical Une in the HI line width histogram corresponds 
to the adopted line width cutoff, W50 < 80 km s~^. The mean uncertainty on the line width measurement is 6.7 km 
s~^. Note that only one galaxy in the s-com sample is included in the last bin below this cutoff, suggesting that the 
low HI mass and narrow line width criteria are consistent: we are not missing a population of high line width but still 
low mass dwarfs because our line width cutoff is set to be too narrow, and the low HI mass criterion is more important 
than the narrow line width one in the definition of the s-com sample. In agreement with this point, a quick check of 
the s-sup galaxies reveals the fact that they all have log Mhi > 7.7, although by the definition of the s-com subset, it 
is possible that galaxies in the s-sup sample could have log Mhi < 7.7 but W50 > 80 km s^^. In another words, the 
supplemental sample s-sup does not include low mass dwarf galaxies which are excluded from the s-com one through 
the restriction to the velocity width, W^q < 80 km s^^. As anticipated, galaxies in the s-sup sample span a wider range 
of W50 and distance than the stricter low HI mass sample. In the histogram of log Mhi, the low mass tail extends 
to log Mhi ~6; the sharp edge at log Mhi = 7.7 (our upper limit for s-com) reflects the fact that the s-sup galaxies 



represent only a small subset of the a. 40 galaxies in the higher HI mass range. Figure 2 of iHavnes et al.l (1201 lb shows 
the similar distributions for the full a. 40 catalog. 

Previous studies of dwarf galaxies have focused mainly on o ptically selec t ed s amples and contain relatively few 
objects with log Mhi < 7.7. For example, the FIGGS sample of iBegum et al.l (12008.) contains only 41 galaxies with 
log Mh I < 7.7, compared to 176 in the ALFALFA s-com sample. The majority of the FIGGS targets lie within 8 
Mpc and have been selec ted from existing optical surveys. Similarly, the volume-limited 1 IHUGS sample is complete 
in Mhi to 2 x IO^Mq dLee et al.ll2009al) . In fact, only seven of the s-com plus s-sup galaxies are included in the 
1 IHUGS catalog; at the same time, 54 of the ALFALFA dwarfs lie at distances of less than 1 1 Mpc. Figure|2]shows a 
Spaenhauer plot of HI mass versus distance for the ALFALFA dwarfs, with fill ed circles denoting t he s-com members. 
The lower edge of the distrib ution represents th e ALFALFA sensitivity limit (IHavnes et al.ll201 11) . Compared to the 
similar plot in Figure 1 from iLee et al.l (l2009al) . the distribution of ALFALFA dwarfs is shifted towards the lower 
HI mass range, ju st where the deviation of the UV-based SFR from that inferred from Ha is more likely to show up 
dLee et alj|2009bl) . Benefiting from its improved sensitivity and angular and spectral resolution, the ALFALFA survey 
catalog allows us to draw a statistically significant sample of the lowest HI mass galaxies in the local universe. 



3. Data 

In this section, we describe the GALEX and SDSS datasets used, including reprocessed UV photometry from 
GALEX. In addition, the UV-to-optical color and emission-line diagnostics critical to the appraisal of star formation 
in the dwarf galaxies are discussed. 



3.1. Targeted GALEX observations 

In dusty starburstin g galaxies, a do minant fraction of the U V emission may be obscured by dust and reprocessed 
at FIR wavelengths (Treveret al. 2007 ). In red sequence galaxies, older evolved stars make significant contributions 
to the UV luminosity dWyder et al.ll2007h . However, the ALFALFA-selected dwarf galaxies are likely to suffer less 
from extinction and their young stellar populations contribute the bulk of the UV light. The FUV luminosity Lpuy 
is generally thought to give the most robust measure of the SFR in individual galaxies with low total SFRs and low 
dust attenuation. Dwarfs are known to be low in metallicity and dust content, so that IR indicators of the SFR, which 
are calibrated via massive spirals, may be less reliable. In contrast to Ha emission, FUV photons primarily originate 
in the more abundant and relatively longer-lived population of B-stars so that the FUV flux is not as vulnerable to 
stochastic effects. Furthermore, FUV photons are emitted directly from the stellar photospheres, an d thus do not suffer 
from possible uncertainties in the photoionization of the gas in low density media dLee et al.ll201lh . 



In order to explore the UV properties of the faint and low surface brightness galaxies in the ALFALFA dwarfs, 
we examined all available moderate exposure (MIS-depth) GALEX images coincident with them, including both ones 
from our own GI programs as well as others available in the GALEX archive. GALEX simultaneously imaged the 
sky in the FUV (effective wavel ength of 1516 A) and NUV (effective wavelength of 2267 A), with a circular field 
of view of ^ 1.2° in diameter dMorrissev et al.ll2007l) . The images were processed through the GALEX pipeline, 
and the intensity maps with a 1.5" pixel scale were retrieved. With typical exposure times of '--^1500 sec, the images 
reach limiting magnitudes of ~22.7 mag in both the FUV and NUV, corr esponding to surface brightness limits of 
^21 .5 mag arcsec^^ or a SFR of ~ 10""^ M0 yr~^ kpc~^ dLee et al.ll201lh . As discussed in [J2l all 53 s-sup galaxies 
were included in our GALEX GI programs, though five of them were only observed in the NUV due to the failure 
of the FUV detector. Since the final s-com sample was extracted from the a. 40 catalog after the FUV channel was 



completely turned off, we also searched the GALEX archive for any additional MIS-depth images with adequate 
coverage of ALFALFA dwarf galaxies. Among the final ALFALFA-GALEX/MIS sample of 77 s-com galaxies, seven 
were observed in the NUV only. 

Using a standard ellipse fitting extraction of the magnitudes (GALPHOT; see below), 67 of the 70 extreme 
dwarfs in the s-com sample are clearly detected in the FUV band. Two of the remaining three are extremely faint 
and LSB in the FUV, but magnitudes are still measurable in concentric apertures (ELPHOT; see below). Furthermore, 
all of the sources in the higher HI mass supplementary s-sup sample which have FUV images are detected in FUV. 
Thus, only one out of the 118 dwarfs in the combined s-co m plus s-sup sam ple with FUV MIS level images is a 



non-detection. A similarly high detection rate was found by iLee et al.l (120111) . Only 22 of the 390 galaxies in their 
1 IHUGS sample observed by GALEX were not detected in FUV. About half of these are galaxies classified as faint 
dwarf ellipticals/spheroidals (dE/dSph) and lack any evidence of recent star formation; nearly all the others were 
found in images of exposure times less than 200 sec. Those authors concluded that, despite the variable, episodic 
or bursty star formation histories of dwarfs, the fluctuations in th e SFR do not go to zero on timescales comparable 



to the lifetimes of UV emitting stars (^100 Myr). Furthermore, ILee et al.l (12011b propose the need to examine the 
possible complete cessation of SF in low luminosity systems via an HI selected sample probing masses down to 
10^ Mq, exactly what the ALFALFA s-com sample is. The presence of HI selects against the very gas-poor dE/dSph 
population, so our even higher FUV detection rate is not unexpected. This result clearly suggests that virtually all 
Hl-bearing dwarf galaxies exhibit some level of recent star formation. 



3.2. GALEX photometry 

Because we rely mainly on the FUV luminosity to infer SFRs, it is essential to obtain accurate FUV photometry. 
Given the typical faint, LSB and patchy nature of the UV emission of dwarf galaxies, extra attenti on must be paid to 



the ex traction of magnitudes. The standard GALEX pipeline, which is based on the SExtractor code (JBertin & Amouts 



19961) . suffers from shredding if multiple star forming sites are resolved. It also suffers from blending if foreground 
stars or UV-bright background galaxies are viewed in projection with the target galaxy. Additionally, the background 
determination matters more than that in high surface brig htness regions, since th e background subtraction uncertainty. 



rather than the photon noise, dominates in LSB regions (IGil de Paz et al.ll2007 '). For these reasons, we developed our 



own tools to perform the photometric extraction on the GALEX images of the ALFALFA dwarf galaxies. 

For each of the target galaxies, we extracted a portion of the intensity map retrieved from the MAST website. 
Further reduction of the image was performed within the 1RAF|^STSDAS environment using a set of scri pts developed 



for pr evious I-band imaging surveys undertaken by our group, referred to as the GALPHOT package (JHavnes et al. 



19991) . and appropriately modified to accommodate the GALEX images. Because the morphology of galaxies in the 
FUV is not necessarily the same as in the NUV, and because foreground stars are often much brighter in the NUV 
images, we elected to work on the two channels separately rather than adopt a single identical set of apertures. 

A constant value associated with the sky background was subtracted using a procedure that allows the user to mark 
boxes that are free of bright stars and galaxies on each frame. The boxes are placed so that they surround the target 
galaxy but are far enough from it to avoid the influence of faint extended emission. In contrast to the circumstances 
applied to optical images, the UV sky is so dark that the pixel values in sky boxes follow a Poisson distribution rather 
than a Gaussian one. The subtracted sky value in the UV case is the mean intensity obtained within the sky boxes after 



-IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for Research in 
Astronomy (AURA) under cooperative agreement with the National Science Foundation. 



iteratively clipping out the pixels whose values are more than 3cr above the mean value, a process which removes the 
faint stars and galaxies within the sky boxes. Usually this process converges quickly after 1 or 2 clipping cycles. 

To clean the regions over which the galaxy photometry is to be derived, we first used an automatic procedure 
to mask UV sources at least 2 galaxy radii away from its center, and then masked by hand sources within 2 radii 
deemed to be unrelated to the galaxy itself. Starting from an initial guess marked by hand, elliptical surface brightness 
contours were then fitted to the cleaned images, using the STSDAS package ISOPHOTE, outwards to the radius at 
which the fitting fails to converge, and inwards to the seeing limit. This process yields the azimuthally-averaged 
surface brightness profile as well as the variation with semi-major axis of the ellipse centroid, its position angle 
and ellipticity; these ellipses are then used later as the apertures for the photometric extraction and allows for the 
interpolation of masked regions. The disk portion of the surface brightness profile is then fit by a linea r function, using 
an interact ive procedure that allows specification of the inner and outer disk radii, as discussed by Giovanelli et al 



( 11994) and lHaynes et alJ ( il999 ). Figures[3]to|6]illustrate examples of the isophotal fitting result for four representative 



cases. Selected SDSS and GALEX images of them are shown in Figure|7] 

Figure |3] shows the result for AGC 110482 = KK 13, a patchy dwarf galaxy whose FUV flux is dominated by two 
bright knots. The GALPHOT isophotes are centered on the brighter knot in the inner region but the ellipse fitting treats 
the merged light from the two knots as a single disk at large radius. This process results in a second peak in the surface 
brightness profile, when the ellipses reach the center of the fainter knot, but at large radii, the surface brightness profile 
falls exponentially as expected, yielding a valid total magnitude. 

This proc ess of fitting the di sk assumes that the surface brightness profile of dwarf irregulars follows an expo- 



nential falloff (IHunter et al .1120 101) so that disk scale lengths can be determined. However, dwarfs sometimes show 
multiple disk components, with clearly different slopes in inner and outer regions. In such cases, we fit two linear 
functions to each portion individually, and use the inner fit to determine the general disk properties, e.g. scale length, 
position angle, etc, whereas the outer fit is used to extrapolate the surface brightness profile beyond the outermost 
measured isophote. Among the 130 ALFALFA dwarfs observed in GALEX (12 with no FUV exposure), 28 have such 
double disks. The majority of those (20/28) have shallower outer disks in the NUV (e.g. AGC 122212 in Figure |4] 
and its images in Figure |7]i, but 15/20 of them show no outer disk in the FUV (e.g. AG C 213796 in Figure |5] and 



images in Figure|7]i. Of the 8 blue compact dwarfs (BCDs) studied bv lHunteret al.l (120101) . 5 also have NUV double 
exponentials, all of which drop more shallowly in the outer disk. Those authors argue that the shallower outer profile 
represents the underlying stellar population, while the steeper inner profile is dominated by the centrally concentrated 
and intense recent star formation. Consistent with this interpretation, the shallow outer disks are frequently not in evi- 
dence in the FUV. Further evidence for this scenario arises from the fact that the disk scale length is smaUer in the FUV 
band compared to that seen in the NUV, again suggesting that recent star formation is more centrally concentrated than 
is the overall stellar disk, i.e., the active star-forming region is shrinking. 



On the other hand, of the 29 dwarf irregulars studied by IHunter et al.l (120 lOh . eight have clear double exponential 



profiles in the NUV; in only one of those is the outer exponential shallower than the inner one. Similarly, most of the 
ALFALFA dwarfs with steeper outer disks (7/8) belong to the higher Mhi s-sup sample; it is possible that some may 
be more massive galaxies with more extinction in the inner regions. An example of this case is shown in Figure |6] 
for AGC 212824 = KK 100 (see its images in Figure[2l) which has the hi ghest Mht in our sample. Another possible 



explanation for the apparent flattening of the UV profile was proposed in lBoissier & PrantzosI (120001) . namely that the 



SFR in the inner disk has been higher than the infall of the gas, leading to a progressive consumption of gas towards the 
center. In the outer parts however, star formation is less efficient, and the infall of gas proceeds on longer timescales. 
As a result, the gas reservoir of the outer disk is not exhausted, and the shape of the exponential profile is preserved. 
The steeper outer disk may thus be more evident in the gas rich dwarf irregulars, while the lower Mhi s-com dwarfs 
which are gas-poor relative to the overall ALFALFA population (see i l5.3b frequently show flatter outer UV profiles. 
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Once ellipses are fit, magnitudes are calculated using the IRAF routine POLYPHOT to measure the total flux 
within the ellipses and the disk fits are used to extrapolate beyond the measured isophotes. Following Havnes et al. 



(Il999h . several sets of magnitudes are recorded, including ones at fixed isophotal levels, partial magnitudes integrated 



to a certain number of disk scale lengths, and asymptotic magnitudes extrapolated to infinity. The extrapolation helps 
to recover the LS B outer emission below the sky level. While magnit udes extrapola t ed to i nfinity are adopted by the 
11 HUGS studies JGil de Paz et alj|2007h . we follow the discussion in 'H avnes et al.l ( 119991) and adopt in this work a 



total magnitude computed at a radius of eight disk scale lengths Srd- Note that for the majority of the galaxies, a radial 
extent of Sj'^ lies beyond the outermost radii marked as defining the disk region, except in a few cases that the UV 
emission is compact and the image is particularly deep ( e.g. AGC 22 5 852 in the NUV and AGC 220609 in the FUV). 



To determine the error in the total magnitude, following I Salim et al.l (12007 1). we add the zero-point calibration errors 



of 0.052 (FUV) and 0.026 (NUV) mags to the poisson errors, and the uncertainty in the determination of the sky level, 
which is formaUy the rms noise of the pixel values in the sky boxes after masking the sources contained within them. 
We do not account for other types of errors, e.g. the flat-fielding errors, which are improved in the products of the 
latest version of the GALEX pipeline (GR6). 

Because of their extreme LSB in the UV, two galaxies, AGC 201970 = LeG 18 and AGC 223913 = VCC 1649 
(see its images in Figure IT), fail to produce convergence of fitted isophotal ellipses. The former one is also LSB in the 
SDSS images, but AGC 223913, a dE/dSph in Virgo, is only faint in the UV (see ij3.4| for more discussion). For these 
two objects, the GALEX pipeline extracts a handful of unmatched faint sources in the NUV and FUV at the location 
of the target galaxy. We assign concentric elliptical apertures with increasing semi-major axis by hand to extract a 
curve of growth and adopt their magnitudes from those measured in the outermost aperture. 

Only one galaxy, AGC 220483 = VCC 628 is too faint in the FUV to yield a reliable magnitude; it is also 
undetected by the GALEX pipeline to a limiting magnitude ^22.7 mag. It is a dwarf irregular (Im) associated with 
the Virgo B Cluster but moving at very high velocity; it exhibits LSB also at optical wavelengths. It remains the 
lone object in our sample of ALFALFA dwarfs with MlS-depth GALEX FUV imaging to exhibit no traceable FUV 
emission. 

A comparison between our GALPHOT/ELPHOT-derived magnitudes and the GALEX pipeline magnitudes (GR6) 
is shown in the upper row of Figure |8]for the NUV (left) and FUV (right) channels respectively. The magnitude dif- 
ference is defined as {magcALPHOT-i^^gGBs)- Filled and open circles denote the galaxies in the s-com and s-sup 
samples respectively. In addition to AGC 220483 = VCC 628, which was not detected in the FUV as discussed above, 
several galaxies are excluded from these plots because they were not detected by the GALEX pipeline in either one 
band or the other: AGC 205097 in the NUV (2 NUV-bright stars are nearby), AGC 1 12505 in flie NUV (blend with 
1 nearby NUV-bright star and also very close to UGC 1176 = DDO 13), AGC 223913 in the FUV (= VCC 1649, 
dE in Virgo, LSB in the NUV, invisible in the FUV by eye; SDSS and GALEX images shown in Figure |7]i. In addi- 
tion to these non-detections, several clear outliers are seen in Figure |8] The outliers in the FUV plot have a brighter 
magnitude obtained by the 'GALPHOT' ellipse fitting than that measured by the GALEX pipeline. Close inspection 
shows that they are mostly extended irregulars with large disk scale lengths and patchy UV emission; they suffer from 
significant shredding by the GALEX pipeline, e.g. UGC 4415 and AGC 122206 in the NUV; AGC 200512 in the 
FUV (SDSS and GALEX images are shown in Figure IT); AGC 201970 in both flie NUV and FUV. Several galaxies 
lie at such nearby distances that they have resolved HII regions visible in the FUV (e.g. UGC 12613 with a distance of 
only 0.9 Mpc; UGC 5373 = Sextans B at 1.3 Mpc). After excluding the non-detections and outliers which arise from 
blending or shredding by the pipeline process, the magnitudes we derive are in reasonable agreement with the pipeline 
magnitudes. The improved GR6 pipeline magnitudes agree better with our results, especially in the NUV. 

The bottom row of Figure|8]shows the same magnitude difference versus the disk scale length x^ on a logarithmic 
scale. As evident in Figure[8] our photometric extraction technique, which is specifically designed to capture all of the 
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low surface brightness flux, yields brighter magnitudes for a significant number of galaxies. The median magnitude 
difference is —0.035 and —0.073 mag in the NUV and FUV, respectively. A weak trend is seen such that, as the 
galaxies become more extended (larger rjj), the GALEX pipeline misses the outer LSB UV emission and hence 
underestimates the true UV magnitude. For the remainder of this work, we use our own measurements of GALEX UV 
magnitudes, denoted as ttinuv and mpuv- 



3,3. SDSS data 



In addition to the U V photometry from GALEX, we use optical data from the SDSS Data Release 7 jAbazajian et al, 



20091). The SDSS database provides photometry in five bands (u, g, r, i, z) and spectroscopic follow-up for most 
galaxies with r < 17.77. For the present work, we use the SDSS archival measurements to derive the properties of the 
underlying stellar population, but because of issues of shredding and blending similar to those found with the GALEX 
magnitudes, significant caution is applied. Given the higher resolution of the SDSS imaging and the higher density 
of bright stars, the problems associated with magnitude estimation are worse in the optical than in the UV. To check 
for such issues, we inspected visually each galaxy and the magnitudes derived from the SDSS pipeline, and adopted 
the photometric properties associated with the best photometric crossmatch along with its reported quality code, sFlag 
(see below). As suggested by the SDSS team, modelmag magnitudes are adopted to derive stable colors while still 
capturing most of the total light. 

Of the 229 galaxies in the s-com and s-sup samples, 24 lie outside of the SDSS Legacy Survey footprint; most of 
these are found in the faU sky region of ALFALFA (22'* < R.A.< 3'*, < Dec. < +36°). It is we U known that the 
SDSS photometric pipeline is optimized for small, high surface brightness objects (I West et al.ll20 10). not the clumpy 



and LSB dwarf galaxies typical of our sample. In fact, of the 205 ALFALFA dwarfs in the SDSS sample, only 44 
ALFALFA dwarfs are extracted as single photometric objects by the SDSS pipeline (sFlag="oly" as given in Column 
8 of Table[Tll. Since multiple peaks are usually evident in the light profiles of patchy dwarfs (the "parent" object), these 
are often de-blended by the standard pipeline into pieces (the "child" objects). Accurate magnitudes can be recovered 
in those cases where the "parent" object contains all (or nearly all) of the emission associated with the galaxy and is 
not blended with any other nearby objects. 53 of the ALFALFA dwarfs belong to this category (sFlag="par"); in these 
cases, the magnitudes of the associated /?flre«f/D are adopted. For the remaining objects for which the "parent" objects 
still suffer fr om blending, we e xamined the magnitudes of each "child" object within the region of the target galaxy. 
According to lWest et al.l ( 120101) . roughly 75% of galaxies have more than 90% of their flux contained in the brightest 



child. We used the magnitudes of the brightest child where it is brighter than the second brightest child by at least 3 
magnitudes, implying that it contains the vast majority of the galaxy's flux. 55 of the 205 ALFALFA-SDSS dwarfs fit 
this category (sFlag="domi") so that the SDSS magnitudes contribute a satisfactory lower limit of the optical flux. The 
remaining 53 galaxies have photometry too uncertain to be used further, usually because the parent object is blended 
with other sources or has no dominant child (sFlag="pbphot"). It is relevant to note that most are dropped for one 
of two specific reasons: either (1) because they are very patchy or (2) because they are contaminated by the presence 
of nearby or superposed stars. The latter reason has nothing to do with the galaxy itself, but the first is particularly 
common for this sample of dwarf galaxies. We checked the distribution of HI properties for the excluded objects, and 
find that they span the full range in distance, line width, and HI mass evident in Figure[T] suggesting that the inclusion 
of a criterion of acceptable SDSS photometry introduces no ex tra bias in terms of HI parameters. Although we have 
not reprocessed the SDSS photometry as did IWest et al.l (120101) . the careful visual inspection technique applied here 



effectively avoids the shredding or blending of the SDSS magnitudes which are the main causes of the failure of the 
SDSS pipeline to deliver rehable photometry for diffuse, patchy and/or LSB galaxies. 

However, because of the typical faintness and LSB optical appearance of the ALFALFA dwarfs, the percentage 
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of the photometric objects that are targeted for SDSS spectroscopy is quite low: only 1 14/205 have a counterpart in the 
SDSS spectroscopic survey. This circumstance further validates the importance of Hl-selection for deriving a complete 
sample of dwarfs in the local universe. Furthermore, only 101 of the 1 14 spectroscopic targets are inc luded in the MPA 



JHUDR7 release of SDSS spectral measurements ( http://www.mpa-garching.mpg.de/SDSS/DR74 iBrinchmann et al. 



20041) . which contains reprocessed line flux, etc. We confirm that all these 101 dwarfs are star- forming or low S/N 
star forming galaxies, following the classification in IBrinchmann et al.l (120041) . In comparison with the SDSS-selected 
population, the Hl-selected dwarf sample includes a much smaller representation of galaxies containing AGNs or are 
classified as 'non-star-forming'; this finding also implies that the SDSS magnitudes are more likely to be contaminated 
by line emission. Similarly, a quick inspection shows that all the ALFALFA dwarf galaxi es with SDSS D„(4000 ) 
measurements have a value below 1 .6, the demarcation in the bimodal distribution derived in Kauffmann et alj (l2003h . 
This result suggests that these dwarfs have been actively forming stars throughout their history. 



3.4. UV-to-optical colors of the ALFALFA dwarfs 

The global color-magnitude diagram (CMD) is a powerful tool for the assessment of the basic properties of a 
sample of galaxies. The bimodal nature of the field galaxy CMD is well demonstrated with the large datasets available 
from recent large scale galaxy surveys, in particular SDSS (Baldrv et al. 2004) . It is clear that galaxies separate into the 
'red sequence' of early type galaxies which show little or no evidence of ongoing star formation (corresponding to the 
low SSFR portion in the SSFR versus Af* diagram), and the 'blue cloud' of star-forming spirals (corresponding to the 
star forming sequence in that diagram). Compared to the tra ditional optic ally-base d CMDs, a CMD cons t ructed from 
a UV -to-optical color provides a more powerful diagnostic (IWvder et al.l l2007; S chiminovich et al.ll2007l: ISalim et al. 



20071) . By contrasting the recent star formation, as indicated by the UV light, to the total past star format ion, as indi- 



cated by the optical light, the UV to optical color provides a more concrete diagnostic of a galaxy's SFH (ISalim et al. 
2005h . 



To produce the CMD shown in Figure |9] the magnitudes given in Table [T] have been corrected for foreground 
reddening. For the SDSS bands, we adopted the pi peline extinction corr ectio n. For the GALEX b ands, we used 
E{B - V) values based on the FIR DIRBE maps of ISchlegel et alJ Jl998l) . the lCardelliet al.1 (Il989l) extinction law 
with Rv = Av/E(B-V) = 3.1, and A{\)/E{B -V) = 8.24 for the FUV and 8.2 for the NUV bands respectively. 



following IWvder et al.l (120071) . Of the 229 galaxies listed in Table[T] 51 belonging to the complete s-com sample and 
32 to the higher Mhi supplementary s-sup set have both acceptable SDSS photometry (sFlag not "pbphot") and NUV 
magnitudes, making it possible to estimate a color {rriMuv—f)- Their distribution in the combined UV-optical CMD is 
shown in the left panel of Figure|9] with filled circles denoting objects in the s-com sample and open ones representing 
the additional s-sup galaxies. 

The first obvious difference of this work from most previous studies is th e much fainter abs olute magnitude 



Salim et al. 



(l2007h . the majority of 



range probed by the ALFALFA dwarfs. For example, as clear from Figure 1 of l! 
galaxies in that study have —24 < Mr < —18, whereas nearly all of the ALFALFA dwarfs are less luminous than 
Mr — —18, with the mean Mr ^ —15. Secondly, HI selection results in no obvious color bimodality in dwarfs, 
because nearly al l Hl-bearing galaxies are blue, activ ely star-forming systems; HI selection is highly biased against 
the red sequence ( West et al.ll2009[ iHaynesetaPboill) . Based on the distribution of their full GALEX-SDSS matched 
catalog. ISalim et al.l (l2007h identified blue cloud galaxies as those with rufquv ^ '' ^ 4. Given the color-magnitude 
relation, fainter galaxies are bluer on avera ge and the dividing criterion shifts to niNuv — r ~ 3.5 at Mr ^ —17, 
according to Figure 1 in iKim et al.l (120101) . As evident in Figure |9] virtually all the ALFALFA dwarf galaxies are 
below the division of rriNuv - r = 4. Only three objects, UGC 6245, AGC 223913 = VCC 1649 and AGC 222297 
= VCC 180 (the latter two early type galaxies associated with the Virgo Cluster) have niNuv — r > 3.5, lying in 
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the green valley or blue edge of the red sequence. At fixed Mr, galaxies with lower Mhi (the filled circles) have, on 
average, redder colors, indicating that they also exhibit a lower gas fraction {fgas, defined as Mhi/M^, throughout 
this work); this trend confirms the general association of lower fgas and redder color (see also |j53]l. As a result, in 
the range of —18 < Mr < —10, a population of extremely low gas fraction dE/dSph would have Mhi lower than the 
detection limit of ALFALFA; they would sit on the red sequence in this low lu minosity range, but are n ot included in 
this sample. This point is further discussed in the case of the Virgo cluster by iHallenbeck et al.l (120121) . In addition, 
there is a trend for lower lum inosity objects to have bluer colors, as is also fou nd in studies of large samples of massiv e 
galaxies (IWyder et al.ll2007h . As is the case with the full ALFALFA sample (iHaynes et al.ll201 luHuang et alJl2012l) . 
the CMD shown in Figure|9]confirms that, in comparison with large optical-UV samples, an Hl-selected dwarf sample 
is highly biased against red sequence galaxies. 

The right panel of Figure |9]presents a color-color plot, with the horizontal axis showing the optical color (u — r). 
Not surprisingly, there is a strong correlation su ch that as a galaxy becomes redder in niNuv — r, it also becomes 
redder in u — r. As found bv lWvder et al.l (l2007h for blue galaxies, the two colors are very well correlated with a slope 
of 6{u — r)/5{raMuv ~ r) ^ 0.5; this slope is roughly consistent for the ALFALFA dwarf sample. Those authors 
also found that, for galaxies with colors redder than rriNuv — ?' ~ 3.5, the u — r color begins to increase less quickly 
with mjyiJY — T than for bluer u — r colors. The ALFALFA sample shows no obvious change in slope, as expected 
since most lie on the blue side of the division. 

We also examine the mpuv — 'rriNUV color, a sensitive probe of the rate of current star formation. There 
are 117 galaxies (69 belonging to the complete s-com sample and 48 t o the supplementary s- sup one) which have 
detectable magnitudes in both the FUV and the NUV. As described in Gil de Paz et alJ (l2007h . late-type spiral and 
irregular 'blue-cloud' galaxies can be roughly separated from early-type 'red-sequence' galaxies using a division at 
rriFuv—mNuv — 0.9. According to that demarcation, 92% of our galaxies fall on the blue side. 72% of the combined 
{s-com plus s-sup) sample have mpuv ~ m-NUV < 0.5; among the lower HI mass s-com galaxies, this percentage 
drops to 64%. Furthermore, the median UV color is 0.36 mag for the s-com plus s-sup galaxies (0.42 mag for the 
s-com and 0.31 mag for the s-sup galaxies). Evaluation of the K-S statistic shows that the probability that the UV color 
distributions of the two samples (s-com vs. s-sup) are drawn from the same underlying distribution is only 2.6%. The 
galaxies with the lowest HI mass (s-com) are redder than comparable galaxies with higher HI masses, that is, the HI 
mass cutoff imposed on the s-com results in a sample with redder UV colors on average at fixed optical luminosity (see 
also 3O1. 



In comparison, the sample studied by lLee et al.l (120111) . mainly drawn from the 1 IHUGS, has 79% of the galaxies 
with nipuv — mNuv < 0.5, and a median UV color of 0.29 mag, bluer than the ALFALFA dwarf galaxies, especially 
the s-com ones. Figure [TO] examines more closely the distribution of absolute magnitude AIb for the ALFALFA 
dwarf and 1 IHUGS samples. The solid histograms trace the distribution of the 152 ALFALFA dwarfs with acceptable 
SDSS magnitudes (see ii3.3b . with the shaded area identifying the complete s-com sample and the open area, the s- 
sup galaxies. To convert the SDSS bands to B-band, the transformation equation derived by Lupton (2005) is used, 
B = g + 0.3130((7 — r) + 0.2271. For comparison, the da shed histogram represe nts the parent 1 IHUGS sample 
with their i?-band absolute magnitudes drawn from Table 3 of iKennicutt et al.l (120081) . Although the ALFALFA s-com 
sample extends to considerably lower HI mass, the faintest optical magnitudes probed by both ALFALFA and 1 IHUGS 
are similar Relative to the 1 IHUGS galaxies, the lower gas fractions typical of the s-com dwarfs are consistent with 
their redder colors. 

One of the ALFALFA dwarfs, AGC 223913 = VCC 1649 (see its images in Figure|7]i even has mFuv—mNUV = 
3, implying that it is in a quiescent stage of star-formation. It is a dE/dSph in Virgo, whose red UV colo r could result 
from a recent quenching of star formation activity, possibly due to gas loss by ram pressure stripping (e.g. 



Boselli et al. 



20081) . This object and the other early type dwarfs detected by ALFALFA in the Virgo cluster are discussed in more 
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detail elsewhere (IHallenbeck et al.ll2012l) . 



4. The derivation of the physical properties of ALFALFA dwarf galaxies 

In this section, we use the datasets discussed above to derive the physical properties of the ALFALFA dwarf 
galaxies (s-sed): their stellar masses, internal extinction, metallicity and SFR. 



4.1. SED fitting 



While studies of resolved stellar populations provide the best means to determine the star formation histories of 
galaxies, it is not yet feasible to conduct such studies on the majority of the ALF ALFA dwarfs . Hence we analyze 
their integrated light and global properties by SED fitting, following the method of ISalim et alj ( 12007.) . with a slight 
change in the prior distribution of the effective optical depth in V band, ry (see i]4.31 l. Of the full ALFALFA dwarf 
sample, reprocessed FUV and NUV magnitudes and acceptable quality SDSS pipeline photometry as described above 
are available for a total of 74 galaxies, 45 belonging to the more restrictive s-com sample and 29 to the additional 
s-sup set. The full likelihood distributions of parameters are derived for this combined sample, referred to hereafter 
as s-sed, by fitting the seven obse rved SDSS (u g r i z) and GALEX (FUV NUV) bands to an extensive library of 
mode l SEDs JGallazzi et al.ll2005h . ge nerated using the B&C 03 stellar population synthesis code (IBruzual & Chariot 
2003h . Dust is accounted for with the ICharlot & Falll (120001) two-component model to include attenuation from both 
the diffuse interstellar medium (ISM) and short-lived (lOMyr) giant molecular clouds. It is proposed to produces 
consistent treatment for both the Ha and UV continuum attenuation. However, we do note that recent studies show 
that the extinction curve may be a functi on of stellar mass, SSFR, axis ratio and stellar surface mass density, etc 
(e.g. ljohnson et al.ll2007t IWild et al.ll201 lb . A IChabrierl (l2003h IMF is assumed, and random bursts are allowed to be 
superimposed on a continuous SFH. 

A concern for the study of Hl-selected galaxies is whether the parameter space used for building the library is 
set wide en o ugh to cover the intrinsic values of the metal- and dust-poor ALFALFA dwarfs. For example, following 
Salim et al.l (l2007h . the effective V^-band optical depth lies in the range ^ ry < 6, and the /i factor, i.e., the 
fraction of the optical depth th at affects stellar populations older than 10 Myr, varies from 0. 1 to 1 . A commonly-used 
prescription bv lCalzettil (119971) adopts E{B — V)star = 0.44£^(i3 — V)iine (see also discussion in i ]4.3b . Furthermore, 
the metallicity of the stellar population is uniformly distributed between 0. 1 and 2 Z© . In particular, we can anticipate 
that in some cases, the em ission lines may be so strong that the observed colors may deviate from the adopted line-free 
continuum model (ISalim et al...2007: .West et al-.2009.) . e.g. the Ha emission may dominate the r-band luminosity to 
offset the observed r — i color bluewards of the models. However, outliers affected by line emission can be identified in 
a color-color plot, e.g. r — i versus g — r. As a result, the x^-value of the best-fitting model, xLsf would have a mean 
larger than that predicted by the degree of freedom of the fitting. We checked the distribution of xlest ^^'^ found it is 
generally good, implying that the library does, in fact, reproduce most of the observed SEDs. However, there is a tail 
of large Xbest objects, and we confirm by visual inspection that their deviation is likely caused by strong line emission 
(e.g. AGC 220856 = VCC 1744 and AGC 223390 = VCC 274, two Virgo BCDs; the SDSS and GALEX images of 
the former are included in Figure|7). Additionally, although we already excluded the "shredded" sources, there remain 
a few objects with suspicious SDSS magnitudes, e.g. AGC 205165 (problematic de-blending of a superposed star), 
AGC 191791 = LSBC D634-03 (unusual color in the SDSS image), which also lead to large xLst- ^^^ these reasons, 
we emphasize that the SED fitting results should be interpreted only in a statistical sense, with these large Xbest objects 
being less reliable. The galaxies with xlest ^ ^^ ^^ noted by a '*' over the AGC numbers in Table[T] 
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Compared to SED fitting to the optical SDSS bands only, fitting with the addition of the GALEX UV bands 
yields better constraints on the parameters, especia lly on the du st optical depth and the SFR over a timescale of 100 
Myr, comparable to the lifetime of UV bright stars dSalim et al.i2005) . We use the likelihood- weighted average as our 
nominal estimate of the logarithm of the parameter value, rather than the mode, to avoid sensitivity to binning, and 
1/4 of the 2 .5-97.5 percentile range as a proxy for wh at would have been the uncertainty estimate in the Gaussian 
distribution (*K auffmann et al.l 120031 : ISalim et al.l 120071) . An extra term which accounts for distance uncertainties is 
added for distance-dependent quantities, e.g. the stellar mass and SFR. This term always dominates the SED fitting 
error (characterized by the probability distribution function, PDF) for the nearby dwarfs in the stellar mass estimates, 
but not for the errors in the SFRs. Note that systematic uncertainty is not included in the error estimate. When the 
UV bands are excluded, the median uncertainty in the log7\f, estimate is 0.217; in logry, it is 0.455; in log SFR, 
it is 0.323. When the UV data are incorporated, those values decrease to 0.212, 0.367, 0.277, corresponding to 
median improvement of 1%, 21% and 7% respectively. While the constraint on the stellar mass is least improved, the 
incorporation of the UV data is critical to the other parameters, both of which are more sensitive to changes in the UV 
luminosity. 



4.2. Stellar mass 



Based on the SED fitting error term characterized by the PDF, the Af, is the best constrained parameter in the SED 
fitting. ThelogarithmofAf*, in units of solar mass, is listed in Column (11) of Table[T] < logM* >= 7.40 for the ^-.seii 
dwarfs (7.28 for the lower HI mass s-com galaxi es and 7.58 for the addit ional s-s up objects), significantly lower than 
those of typical SDSS or GALEX samples (Bri nchmann et al.l l2004; Sali m et al.ll20 07). This result further confirms 
that the imposition of an HI line width cutoff effectively eliminates most of the HI deficient but high luminosity 
objects. The only two galaxies with log Af, > 8.5 are UGC 6245, a low luminosity SBO galaxy viewed almost face-on 
so that its true velocity width may be much larger, and UGC 7889 (= NGC 4641), a BCD in Virgo. The former has the 
highest stellar mass log Af* = 9.52 and a low gas fraction, but is left in the s-sup sample because of the availability of 
its GALEX image from our GI program (see ij2l). 

Another widely used method to esti mate the stellar rn ass from optical magnitudes er nploys the r elation of mass 
to light ratio versus color as calibrated by iBell et al.l (l2003b . However, the S FH adopted by Bell et alj ( 12003 1) does not 
fully account for the impact of the bursty behavior seen in nearby dwarfs (ILee et al.ll2009al) . Gas-rich dwarfs have 
6-parameters (6 = SFR/ < SFR >, the current SFRs normaUzed to th e average past SFRs) which are high on 



Bell et al 



(120031) calibration would produce stellar masses 



average (see ij5.1b . As a result, application of the standard 

that are more massive for the same optical color Additionally, at low redshift. Ha emission may contrib ute to the r 

band flux and [OlII] and H/3 to that at g band. On the other hand, the g — r color is largely u nchanged (West et al. 



2009b and the i band contains almost no emission lines. Therefore, following dWest et al.ll2009b . we also calculate the 
stellar mass using the i band luminosity and the g — r color. We apply K-corrections using the IDL code "kcorrect" 
(';;4_1_4), described in Blanton & RoweisI (l2007h and estimate internal extinction corrections based on equation (12) in 
Giovanefli et al.l (119971) . The latter has little effect on the stellar mass estimate, since when the lu minosity is increa sed, 
the color also becomes bluer by an associated amount such that the two effects cancel each other dBell et al.ll2003h . 



The two stellar mass estimates, i.e., that derived from lBell et al.l(l2003h calibration versus that derived from SED 
fitting, agree for the most massive galaxies with M^, > 10^°Mq and lo w 6-param e ters, b ut systematic deviations 
between the two become non-negligible at the low mass end. While the iBell et alJ (120031) method gives a median 
log A/*=7.73 for the s-sed ALFALFA dwarfs (converted to Chabrier IMF), SED fitting yields a considerably lower 
median of 7.45 corresponding to a factor of two difference. Furthermore, because the most gas rich galaxies (i.e. 
higher Mhi for their Af*) with higher 6-parameters in this stellar mass range are excluded from the dwarf sample in 
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this w ork (see ^, the deviation is even larger among the full low ste llar mass ALFALFA population dHuang et al. 
20121) . We find a discrepancy of similar magnitude to that found by IWvder et alj ( l2007h, ^0.4 dex on a verage at 
IO^Mq, and we confirm that the galaxies which are estimated to be more massive by the iBell et alJ (l2003i) method 



have generally higher 6-parameters. To incorporate reasonably the effects of stochastic star formation, bursty behavior 
in dwarf galaxies should be a key feature of modeling the SEDs. 



4.3. Internal extinction 



Although the FUV luminosity provides a more robust estimate of the recent SFR in dwarf galaxies than optical 
measures, it is subject to significant uncertainties because of the required dust attenuation corrections which themselves 
are subject to large scatter produced by the large range of possible dust content, dust distribution, and geometry relative 
to the stars and ISM in galaxies. Even at 0.02Zq, I Zw 18 contains a non-neglig ible amount of reddening, determined 
from optical observations to be equivalent to Ay ~ 0.5 dCannon et al.ll2002D . In the d warf galaxy SB S 335-052 



(0.025.Zq), Ay values as high as 20 to 30 have been suggested from MIR obser vations ( Thuan et al. 



1999). On the 



other hand, arguing that dwarf galaxies are expected to be extremely dust poor, iRovchowdhurv et al.l (120091) chose 
to neglect internal extinction entirely in their study of the FIGGS dwarf galaxy sample. Based on that assumption, 
they found a lowe r average T,sfb. for the FIGGS dwarfs than would be expe cted from t he Ken nicutt-Schmidt law 
(lKennicuttlll998bl) . Similarlv. iHunter et all hoid) took E{B ~ V) ^ 0.05 and lLee et al.l (l2009bl) found A„a < 0.1 
for the faintest galaxies. Here, rather than ignoring extinction, we have attempted to quantify its contribution by SED 
fitting using the optical/UV photometry. 

Salim et al.l (1200 7) akeady have pointed out the difference between the effective optical depth in V band derived 



from emission-hne fitting, Ty^Ha, and that derived from SED fitting, rv.t/y , as a function of stellar mass. Ty,Ha arises 
to first order from the B aimer decrement, whereas the latter is mainly constrained by the UV spectral slope. At lower 
masses, Ty^jjy is higher than Ty^Ha, but the situation is reversed at the high mass end. According to those authors, 
Ty.c/y — Ty_H n ^ 0.25 de x (equivalent to 0.27 mag in Ay) at log A/» = 8.5. This finding can be linked to that 
found by Wild et al.l (120111) that Ty^cont / Ty^Une strongly increases with increasing SSFR, i.e., the galaxies with high 



SSFRs have a higher fractio n of diffuse dust an d their dust is more centrally concentrated. Adopting the same prior 
distribution of Ty and /i as in' Salim et al.l ( 120071) . we find, for the s-sed sample, mean values of Apuv = 1 -47 mag and 
Anuv = 1-08 mag; the the Balmer decrement yields systematically smaller values of Apuv, assuming the Calzetti 
law (see below). In one object, UGC 7889 (= NGC 4641; see its images in Figure |7]i, the Apuv value reaches 6.9 
mag. This object is one of the few BCDs in Virgo detected by ALFALFA and, among the dwarf s-sed sample, it is one 
of the reddest in niFuv — 'mNUV color, has one of the highest stellar masses, has a low gas fraction and is relatively 
metal-rich. Given its UV color, the high Apuv value of UGC 7889 derived by the SED fitting is cons istent with 
that predicted by the IRX — (3 relation (see below) as calibrated for starburst galaxies (IMeurer et al.ll 1999b . but other 
methods such as the Balmer decrement and the IRX — SFH — color relation (see below), give quite lower extinction 
estimates. Given the possible degeneracy of its red color arising from either high extinction or strong SF quenching in 
the Virgo environment, it is probable that the large extinction implied by the SED fitting for this galaxy is unreliable. 

Another approach which we suggest is rele vant here anticipates that extinction shou l d be lower in less l uminous 
and face-on systems with low metallicities (e.g. lGiovaneUiet al.lll995UXiao et al.ll201lh . ISalim et al.l (l2007h showed 
that the derived Ty^jjy is sensitive to the assumed prior distribution of Ty in the model library. Therefore, to constrain 
better ry^jjy, we first try to estimate Ty, following lGiovanelli et al.l(ll995h . and trim out the models with unrealistically 
high extinctions. With this improvement in the SED fitting, the mean values for the ALFALFA dwarf s-sed sample 
become Apuv = 1-33 mag and A^uy = 0.96 mag, with formal uncertainties of 0.42 and 0.32 mag, respectively. In 
particular, the Apuv value is reduced to 2.36 mag for UGC 7889. Since the Apjjy estimates are reduced by 0.14 
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mag on average, the log SFR is reduced correspondingly by 0.06 dex (see values in g43]). As noted previously (§4j2]), 
such improvement has little effect on estimates of stellar mass. 



To convert the extinction to an estimate of the dust mass, we adopted the eqn (44) from lPopescu et al.l (1201 lb . 
Mdust = O.9912[M0pc^^]/i|r^, where hg is the stellar disk scale length in parsec and tJ, is the face-on optical d epth 
in B-band. SPSS g-band values are used to approximate values in the B-band. Following lGiovanelli et alj ( 119941) and 
Shao et al.l (l2007h . the observed disk scale lengths and optical depths are converted to face-on values. The resulting 
dust to HI gas mass ratio is 0.003 on average for the s-sed galaxies (0.002 for the s-sup sample and 0. 004 for the lower 
HI mass s-com population); this ratio is below the mean value of 0.007 quoted in lDraine et al.l ( 2007). In comparison , 
a dust-to-gas rati o of 0.002 was determ ined in the nearby starbursting dwarf galaxy NGC 42 14 (ILisenfeld et al.luOl 11) . 



We also note that lBoissier et al.l (120041) found that the dust-to-gas ratio is proportional to {Z/Zq 



NO. 88 



In order to assess fairly the accuracy of our results, we have examined correlations between the FUV extinction 
Apuv and various relevant quantities, in particular those for which relations have been established for samples of 
more massive galaxies. We find no significant trend with axial ratio, mainly because our sample includes no high axial 
ratio systems; nearly all show log a/h < 0.5. As discussed in i)2.4| it is unlikely that we are missing edge-on dwarfs 
because of the line-width cutoff. Rather, the observed distribution implies that dwarf galaxies are intrinsically thicker 
or that the distribution of SF sites within them are quite irregular, making the tracing of their disks more complicated. 
Similarlv. lXiao et al.l ( 1201 lb suggested that dust reddening is not so sensitive to axial ratio at l ow metallicity as at high 
metallicity. We have also looked for trends in Apuv with A/* and fgas- The trend seen bv ISalim et al.l (120051) that 
attenuation increases with stellar mass, is not evident among the ALF ALFA dwarf galax ies; the latter of course include 
no really massive galaxies. However, in comparison with Figure 2 of lSalim et al.l (120051) . we find that the highest value 
of ApiJV reached by gas-rich galaxies (as identified by high fgas) is lower than that estimated for relatively gas-poor 
galaxies. Such a result is reasonable assuming that the galaxies which are gas-rich for their stellar masses are less 
evolved, have lower dust content and metallicity, and thus exhibit less attenuation. 

Other common approaches to estimating extinction exploit the infrared wavelengths. In this case however, the 
Spitzer archive contains too few of the ALFALFA dwarfs to permit a direct measurement of the infrared excess (IRX) 
incorporating MI PS wavelengths. Ins tead we examine how Apuv varies with U V color (/?), equivalent to the IRX — /3 
relation following [SalimetalJ (l2007h . In comparison with the relation given for normal star-forming galaxies by those 
authors, the ALFALFA dwarfs only marginally follow the trend, with the more massive s-sup members showing 
less scatter about the relation. A number of the lowest HI mass s-com galaxies fall below the relation for normal 
galaxy samples; their Apuv would thus be over-predicted by the standard IRX — (3 relation given their UV color, 
possibly because of their different SFH and/or dust geometry. We also find that Apuv is better correlated with the 
mpuv — iTT'NUV color than with the ttinuv — f color. 

In addition, we use the the spectroscopic Balmer lines to compare the observed flux ratios in the Ha to H/3 lines 
with the theoretical value (2.86 for Case B rec ombination) to estimate Ana- We assume that Apuv = ^-^Aho, 
following the Calzetti law dCalzetti et al.ll2000l) . with the caveats about large variations in UV extinction curves and 
aperture effects. We approximate the ratios using the line flux measurements from the MPA-JHU DR7 catalog (see 
i]3.3l l. This method is applied to 42 galaxies which are common to both the s-sed sample and the MPA-JHU catalog. 
Surprisingly, this crude application of the Balmer decrement method gives systematically smaller extinction estimates, 
with a mean Apuv = 0.64 mag when we adopt the Calzetti law. Given that the Apjjv values are presumably dominated 
by attenuation by the diffuse ISM whereas the emission lines probe the local atte nuation within the cl ouds in which they 
originate, one might expect the opposite result as is found in massive galaxies (Calzetti et al.lOOu), and incorporated 
into the factor of 1.8 between the FUV and Ha extinctions. However, we note that Wild et al. (2011) also found a 
strong decrease in emission line-to-continuum attenuation ratio with increasing SSFR, in agreement with the overall 
high SSFRs of the ALFALFA dwarf sample relative to the massive galaxies (see i ]5.1l l and likely indicative of the 
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variation of the dust geometry with the SSFR. Furthermore, there is large uncertainty in the UV extinction curve so 
that the constant in the Apuv = 1.8A//Q relation suffers from large uncertainty and i s most lik ely underestimated. For 
the low stellar surface mass density galaxies {p^, < 3 x 10^ MQkpc^^) with Ay = l. lWild et al. (2011) fou nd 0.3 mag 



more attenuation in the NUV compared to the Calzetti law which is derived for starburst galaxies. Similarly. iBuat et al. 



(1201 ll) found a stee per dust extinction curve in ordinary star-forming galaxies than found in starburst galaxies by 
Calzetti et al.l ( 120001) . In addition, the bump strength of the 2175 A dust feature is known to vary. Incorrectly assuming 
a dust curve with no 2175 A feature (e.g. the Calzetti law for starburst galaxies) would lead to an underestimate 
in th e amount of dust , in turn leading to the incorrect conclusion that the stellar populations are extremely metal 
poor (" Wild et al.ll201lb . In particular, the steep FUV rise and small 2175 A feature in dwarf galaxies, resembling the 
obse rved extinction curve of some regions in the LMC, may due to different dust grain properties in low mass galaxies 
(e.g. lGallianoetal.lE 003). 



As a final approach, we have explored the extended IRX — SFH — color relation based on the niNuv — r color 
and the D„ (4000) measurement derived in Johnson et al.l (120061) . which is commonly used by local GALEX studies 
dWvder et al.ll2007t ISchiminovich et al.ll2007h : application of this relation to the ALFALFA dwarfs predicts a much 
larger extinction Api/y in many of the lowest mass s-com galaxies. 

At the end of this analysis of the various methods of estimating the internal extinction, we conclude that (a) SED- 
fitting using the UV continuum is the most reliable currently available tool to obtain Apijv values for the ALFALFA 
dwarfs, but that (b) there is large uncertainty in the extinction estimates. It is inappropriate to ignore completely a 
correction for extinction at UV wavelengths (the mean of Apuv is L33 m ag), although atten uation in the dwarfs is 
smaller than that found in more massive SDSS galaxies, e.g. 2.03 mag in 
attenuation into account can bring the dwarf galaxies in the FIGGS study of |] 



Salim e t al.l (l20 05|). We no te that taking 
Rovchowdhurv et al. ( 2009 ) closer to the 



Kennicutt-Schmidt star formation law o btained for more mas s ive ga laxies. However, it will not lead to a change in the 
slope of the relation. As was found bv 'Rovchowdhurv et al.l (120091) . the relationship between the HI density and the 
SFR in gas-rich dwarfs is steeper than the Kennicutt-Schmidt star formation law. 



4.4. Metallicity 



Standard recipes used to convert FUV luminosities to SFRs (e . g. lKennicuttll 1 998ah are derived on the assumption 
of solar metallicity stellar populations, Zq. However, in the general popu lation of star-forming galaxies, the gas- 
phase metallicity Z of the ISM is known to increase with stellar mass, e.g. (iTremonti et alj|2004l) . This dependence 
is consistent with simple closed-box models (e.g. Garnett 2002), whereby high gas fraction galaxies are relatively 
unevolved and thus have experienced low metal enrichment. Especially in low mass systems, ISM blow-out can 
follow episodic star formation events. The adoption of an incorrect Z to estimate the SFR through the observed FUV 
luminosity can significantly bias the result, as a relative deficiency of metals would result in higher temperatures in the 
photospheres of forming stars and thus in a greater number of UV photons produced per unit stellar mass. 

It is thus legitimate to question the validity of SFRs derived for low ill* systems such as the ALFALFA dwarfs, if 
an account for their presumed low Z is not considered. Short of specific measurements through optical spectroscopy, 
the stellar population metallicity may be estimated via SED fitting. Unlike other well constrained parameters such as 
M^: however, Z is poorly constrained by SED fitting; in fact deriving Z from SED fitting often yields a likelihood 
distribution with multiple peaks. While we would normall y expect tha t the m ean estimates of metallicity < Z > 
derived for larger samples are more reliable, we note that the lSalim et al.l (l2005h sample yields Z ~ Zq, while for the 
ALFALFA dwarf s-sed sample we obtain 0.48^0 (OAAZq for the low HI mass s-com galaxies and O.54Z0 for the 
additional s-sup ones). Therefore, for our estimates of SFR, we adopt Kennicutt's relation, with a correction of 1 . 1 as 
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given bv lHunter et alj ( 120101) . appropriate for a Salpeter IMF and Z ^ OAZ, 



0- 



The stellar population metallicity is correlated with gas-phase metallicity, though with large scatter (IGallazzi et al. 



20051) . Given the shallow potential well of dwarf galaxies, the gas-phase metal enr ichment can be easily lost by outflow. 
Oxygen abundance measures from the MPA-JHU DR7 release of SDSS spectral (ITremonti et al.ll2004l) is available for 
58 ALFALFA dwarf galaxies, with a mean of 12 + \og{0/H) — 8.26 (8.27 for 44 low HI mass s-com members 
and 8.22 for 14 s-sup galaxies). The oxygen abundances can be converte d to gas-phase meta llicities in units of solar 
metallicity (Zq = 0.02), adopting a value of 12 + \og{0/H)Q = 8.66 (JAsplund et alj|2004 ). The mean of the gas- 
phase metallicity f or the ALFALFA, dwar f galaxies corresponds to OAZq. However, according to the mass-metallicity 
relation derived in ITremonti et al.l (120041) . based mainly on more massive galaxies 8.5 < log Af^,, < 11.5, the stellar 
mass of log A/* = 7.4 corresponds to 12 + \og{0/H) = 7.78. Almost all of the ALFALFA dwarfs lie above this 
relation. 



4.5. Star formation rates 



As a next step, we derive the global SFR for the ALFALFA dwarf galaxies both from the FUV luminosity alone, 
SFRfuv, and by SED fitting, SFRsed- The latter is averaged over the last 100 Myr, comparable to the lifetimes of 
UV bright stars. Compared to SFRs derived from the Ha luminosity, both SFRpuv and SFRsed are sensitive to 
very low levels of star formation and hence are particularly relevant for application to the ALFALFA dwarf sample. 

SFRsed values are given, in logarithmic units of Mq yr^^, in Column (12) of Table[T]for the ALFALFA s-sed 
galaxies. The mean is —2.18 (—2.48 for the lower HI mass s-com sample and —1 .71 for the s-sup g alaxies), within 
a minimum of ^ —4. In comparison with values found for typical SDSS samples (ISalim et al.ll2005h . the ALFALFA 
dwarfs overall show very low values of SFR. In such a regime where only a handful of O-stars are formed over 
timescales comparable to their lifetimes (i.e., a few million years). Ha emission will appear weak or even absent. The 
SFRs inferred from Ha deviate from tho se of FUV at log S FR ~ — 2, but such stochastic effects may begin to play a 
role below log SFR ~ — 3, according to lLee et al.l (l2009b|). Low mass stars may form continuously but at a very low 
rate so that no change in the IMF is required. However, Lee et al.l (l2009 m have shown that other factors, including 
internal dust attenuation, stellar model uncertainties, metalUcity, ionizing photon loss and starbursts, if considered 
alone, are insufficient to explain the amplitude of the underestimate of the SFR derived from Ha relative to that 
implied by the UV luminosity. They also suggested that an IMF deficient in high mass stars is consistent with their 
results. While the current dataset is insufficient to provide conclusive insight, the ALFALFA dwarfs with their very 
low SFRs, will provide an ideal opportunity to test the hypothesis of a non-universal IMF. 

To obtain SF Rpuv, a commonly used standard conversion factor from the dust-corrected FUV luminosity into 
the SFR is given bv lKennicuttI ( Il998ah . assuming solar metallicity, a Salpeter IMF, and a constant SFH over at least 
the past -- 100 Myr in the stellar mass interval of O.IMq - lOOM©: 

SFR[Mq yr-1] = 1.4 x 10"28^^[gj.gg g-i jj^-i], (1) 

where the FUV flux is derived from the AB magnitude dUee et al.ll2009bl) : /[mJy] = io(23-9-niF[/v)/2.5 Taking into 
account the sub-solar metallicity (see i ]4.4l l. and ad opting a Chabrier IMF which predicts a smaller SFR for the same 
luminosity than a Salpeter IMF by a factor of 1.58 (ISalim et alJl2007n . equation ([T]i becomes 



SFR[Mq yr-1] = 0.81 x 10 



-28L,[ergss-iHz-i] 



(2) 



The upper panels in FigurefTTIshows a comparison of the two measures, SFRpuv (obtained via equation|2]i and 
SFRsed, before (panel a) and after (panel b) extinction corrections are applied, for all the ALFALFA s-sed galaxies. 
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Filled circles denote the low HI mass s-com members, whereas open ones identify the additional s-sup galaxies. As 
evident in panel (a), in the absence of an extinction correction, the FUV luminosity underestimates the SFR, because, 
although small, the extinction at UV wavelengths is not negligible. Moreover, the deviation from the one-to-one 
relation (dashed line) is greater at the higher SFR end, suggesting that attenuation is larger for higher SFRs. Applying 
the extinction corrections Apuv derived from the SED fitting (as discussed in i]4.3b gives the result seen in panel (b): 
the scatter about and deviation from the one-to-one relation is significantly reduced. The relatively tight correlation 
evident here confirms that the stellar population synthesis model we used is consistent with what was used in iKennicuttI 
(Il998ah . 



However, as is still evident in panel (b), the FUV luminosity alone tends to overestimate the SFR compared to 
estimates derived from SED fitting, especially for the lowest SFRs, i.e. SFR below ^ 10~^ M© yr^^. Although we 
do not com pare the SFRpuv with SFRua here, we note that this threshold is close to the critical value identified by 
Lee et alJ ( 12009b) . Similarly, S alim et al. (2007) found that, since their sample is characterized by a wide variation in 



SFH, the conversion factor from FUV luminosity to SFR is smaller than that which would apply for a constant SFH. 
Compared to their sample, the ALFALFA dwarfs are currently forming more stars relative to the accumulated stellar 
masses (see il5.lt . It is possible that the 6-parameters become systematically larger in dwarf systems, i.e. a higher 
fraction of their stars have been formed more recently. For the same amount of observed FUV luminosity, the SFRs 
averaged over 100 Myr would be smaller than those derived if the SFRs had remained constant. If so, the standard 
KennicuttI ( Il998 al conversion factor from Lpuy to SFRpuv would be too large in the case of dwarf galaxies. On 



the other hand, a bursty SF behavior would have less impact on the SFRho , because the SFR is more likely to remain 
constant durin g the much shorte r life times of O-stars. These results suggest not only that the SFRho values may 
be suspicious (iLee et al.ll2009bt) . but so also may be the estimates of SFRpuv derived using standard conversions 



obtained for samples of more typical and more massive galaxies. 

At this point, we do not have available Ha images, but we can make a crude attempt to quantify the SFRs with 
the Ha line flux derived from the SPSS spectra, SFRnn, for those galaxies with such measures. We again use the 
standard conversion factor calibrated in iKennicutti (Il998ah . taking into account the metallicity and IMF difference. 



The MR\-JHU reprocessed Ha line flux is corrected for attenuation, given by the Balmer decrement as in ^ 14. 31 We 
correct for the aperture effect by using the ratio of the fluxe s corresponding to the entire galaxy r-band magnitude and 



the magnitude through the fiber in the same band, following lHopkins et alj (I2003h . The aperture correction implicitly 
assumes that the emission measured through the fiber is characteristic of the galaxy as a whole. However, in almost all 
of the ALFALFA dwarfs the u — r colors are bluer within the fiber than across the galaxy, a fac t which can be explained 
if the bluest star-forming peaks in surface brightness are usually the targets of the spectroscopic observations. As a 
result, our crude scaling by the r-band light should overestimate SFRhu ■ However, the bottom panels in Figure [TT] 
still show a systematic deficiency in SFRna, relative to both SFRpuv (panel c) and SFRsed (panel d), albeit 
with large scatter As evident in panel (c), the number of galaxies in the s-sed sample and with SDSS spectra is 
quite limited. In panel (d), we attempt to improve the statistics by dropping the requirement of UV data and thus 
calculating a SFRsed by fitting only to the SDSS bands. Albeit crude, the best linear fit line to the data points (the 
red dashed-dotted line) has a slope larger than 1, suggesting that while the SFRpuv could be an overestimate due 
to stochastic effects, we cannot rule out the possible systematic deficiency of SFRho, compared to SFRsed, and 
thus a non-universal IMF. We are in the process of obtaining Ha images for this sample and plan to present a more 
comprehensive comparison of SFR measures in a future work. 
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5. Stars, star formation and gas in the ALFALFA dwarfs 

Numerous previous works have explored the relationships between stars, star formation and gas in galaxies, and 
in this section, we explore how the ALFALFA dwarf galaxies, specifically the s-sed sa mple galaxies, compare t o 
others. In comparison with results obtained for large samples derived from the SDSS (e.g.. iBrinchmann et al.ll2004l) . 
the imposition of criteria associated with Hl-selection and narrow HI line width renders the ALFALFA dwarf sample 
a still diverse population of low luminosity blue cloud dwellers. In the context of examining the s-sed sample, it 
is therefore useful to compare it to a sample of higher mass objects selected by similar HI criteria. To do that, we 
make use of a subset of 12154 gala xies contained in the a. 40 catalog presented in. Havnes et al.l (1201 lb and which are 
also contained in the SDSS DR7. IHavnes et alj (1201 ih present a cross reference between the a. 40 and SDSS DR7 
databases which is used as the basis for the parent Hl-selected population. To derive stellar masses and SFRs for the 
larger sample, we make use here of the methodologies described in iJH but restricted only to the optica l SDSS DR7 



photometry. A more complete discussion of the a.40-SDSS-GALEX sample will be presented elsewhere (IHuang et al. 
EolZ) . 



5.1. The ALFALFA dwarfs on the star-forming sequence 

Besides the well-known correlation that the SFR increases with stellar mass (e.g. . IBrinchmann et al.l2004tlBothwell et al, 



20091) . the 'star-forming sequence' in a specific SFR {SSFR = SFR/M^,) versus stellar mass diagram is identified by 
the fact that the SSFRs of lo wer mass galaxies appear to be confined to a r elatively narrow range of SSFR that declines 
as the stellar mass increases (ISalim et al.ll2007l ISchiminovich et al.ll2007l) . At masses above ^ IO^'^Mq, some galax- 



ies exhibit much lower values of the SSFR; i.e., the sequence turns over The tightness of the 'star- forming' sequence 
strongly suggests that a g alaxy's mass regulates its over all SFH. However, a second transition, near Mb ^ —15, 
has been reported (ILee et al. 2009a; Bothwell et al.ll2009b . below which the dispersion in SSFRs broadens again: low 
luminosity, low mass galaxies also show a wide range of SSFR. B ased on a sample of ^1000 galaxies with both Ha 



and HI measures available in the literature, iBothwell et al 



(l2009h have argued that possible causes of this behavior 



can be categorized under two main headings; first, the various physical mechanisms that underlie the star formation 
properties of dwarf galaxies not only exhibit a large spread, but also are decoupled from their gas contents. A second 
possibiUty proposed by those authors is that at low luminosities, the SFR is not faithfully traced by the Ha luminosity, 
leading to a misch aracterization of the S FR. Since the SSFRs used here are based on SED fitting, the second expla- 
nation pro posed in Bothwell et al.l (12009 ). i.e., that Ha does not adequately trace the SFR in dwarfs, is not relevant to 



this work. iLee et al.l (I2009ah have also found that, whereas the dispersion in SSFR(Ha) increases towards the lowest 
luminosities by ^ 60%, the increase is only ^ 25% when SSFR(FUV) is adopted. Those authors interpreted this 
difference as evidence that UV measures are less affected by purely stochastic variations in the formation of high mass 
stars. 



Specifically presented for compari son with similar diagrams presented by other authors (e.g., iBothwell et al 






20091 ; iLee et alj|201 ItlSaUm et alj|2007[) . Figure [T2]presents various ways of examining the star formation properties 
of the s-sed galaxies in the context of the parent a.40-SDSS sample. The horizontal layout shows the run of stellar 
mass, u — r color, and the mMUV — r color, from left to right respectively. In the vertical direction, from top to 
bottom, panels show the SFR, SSFR and the birthrate parameter b. In all panels, the 74 colored symbols represent the 
galaxies in the s-sed ALFALFA dwarf sample; for those objects, physical properties are determined by SED-fitting 
(see ij4.1l ) to both the UV and optical magnitudes. In the left two columns, black contours and grey small points depict 
the distribution for the parent a.4G-SDSS sample in high and low number density regions respectively, derived from 
SED fitting to the SDSS bands only. Because GALEX photometry is not examined here for the a.40-SDSS sample. 



-22- 



the right panels show only the ALFALFA dwarfs. Filled symbols show the less HI massive s-com galaxies (45) while 
open symbols denote the additional s-sup ones (29). Red squares identify galaxies which are members of the the Virgo 
cluster (17) while blue circles show all the others. Bigger symbols represent galaxies with SED fitting xLst < ^^ (^6) 
while smaller ones have xLst -* ^^ (^8). Typical error bar estimates for the s-sed sample are plotted in the bottom 
left comers of Figures [T2|[T3] and [l4] with the same symbol definition in these plots. Note that the rriNuv — f range 
is scaled to be two times that of the u ~ r color (refer to Figure |9). 

In general, the parent a. 40 sample exhibits the known trends that the SFR increases with stellar mass and that a 
bimodal distribution in SFRs is evident at the highest stellar masses. However, as is clear in Figure [12] at low stellar 
masses, the SFR distributions fall below the extrapolation of the ridge defined by the massive systems. In particular, 
the ALFALFA s-sed dwarfs (the circles and squares) correspond to the systems of lowest stellar mass and define a low, 
broad tail of the SFR distribution. In the SFR versus u — r color plot, while most of the ALFALFA dwarfs lie on the 
blue branch, the colors remain almost unchanged despite their varying, but relatively small, SFRs. 



As shown also by iHavnes et al.l (120111) . the ALFALFA catalog is clearly biased against red sequence galaxies. 
Still, the bimodal nature of the distributions of SSFR is evident in the left panel of the second row of Figure [12] At 
the high mass end, a relatively small population of red sequence a. 40 galaxies occupies the low SSFR regime. The 
contours of the blue star-forming sequence reflect the general trend that the SSFR generally decreases with increasing 
stellar mass. At the same time, compared to that in the intermediate mass range (10^ — 10^"Mq), the dispersion of the 
SSFR distribution in a given stellar mass bin increases below M^, ^ lO^M©. The standard deviation of the log SSFR 
distribution for galaxies in a given log M* bin is 0.55 dex in 9.25 < logAf* < 9.75, 0.71 dex in 7.75 < logil/* < 8.25 
and increases to 0.83 dex in 6.75 < log M* < 7.25. Most of the ALFALFA dwarfs lie in this low stellar mass regime, 
and not surprisingly, they show a large dispersion in SSFR. Moreover, because of the HI mass cutoff used to define the 
ALFALFA dwarf sample, it actually includes galaxies with low HI mass for their stellar mass, e.g., they are relatively 
gas-poor in comparison with the parent q;.40-SDSS sample (see i j5.3l ). This selection tends to exaggerate the dispersion 
of the SSFRs to low values, and a concentration of small grey points from the parent sample with higher SSFRs is 
visible above the s-sed galaxies within the same A/, range. For the same reason, the additional s-sup galaxies with 
their higher gas fractions have higher SSFRs on average than the lower HI mass s-com ones. The few extreme outliers 
from the star-forming sequence with low SSFRs are mostly galaxies drawn from the lowest HI mass s-com sample 
(filled circles and squares). Several of them are dEs/dSphs in Virgo (e.g. AGC 220819 = VCC 1617 and AGC 223913 
= VCC 164 9; see images of the lat ter shown in Figure [Tji, among the very few early type Virgo dwarfs detected by 



ALFALFA ( Hallenbecketal.112012 ) 



For galaxies with low SSFRs, a blind HI survey is more efficient at the detection of galaxies at both the low and 
high stellar mass ends fHuang et al. 2012V Moreover, a blind Ha survey would be biased against galaxies with low 
SSFRs. The sample analyzed by Bothwell et al. (2009) is heterogenous, making use of existing compilations of HI and 
Ha data derived for other purposes. For example, the local low S SFR galaxies with low M^, were particula rly targeted 
for the IIHUGS progr am which contri butes significantly to the Ha data used by iBothwell et al.l (120091) . Similarly, 



the HI data analyzed in lBothwell et alj ( i2009 ) includes a large population of massive cluster galaxies wh ich have low 



SSFRs and were included in the targeted but deep surveys of nearby rich clusters (Springob et al.ll2005b . ALFALFA 
probes to a slightly lower stellar mass range than the sample examined by [Both well et alJ (120091) and reveals outliers 



from star-forming sequence at both mass ends similar to those noticed by those authors. Thus, the break-down of 
the star-forming sequence at the low mass end is real and indicates that the stellar mass is no longer the dominant 
regulator of SF in dwarfs. It is possible that dwarfs are more vulnerable to environmental effects so that their gas 
supply can be easily disturbed, and thus star formation quenched. In the intermediate Af* range, many outliers with 
extremely low SSFRs exist within the a. 40 parent sample, but their number density relative to the contoured region is 
so low that the dispersion of SSFRs remains low. However, while ALFALFA reveals that outliers with anomalously 
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low SS FR for their stellar mas s exist at all masses, intermediate mass outl iers are missing in sim ilar plots (e.g. Figure 
8) from lBothwell et al.l ( 120091) . Given the heterogenous sample which the lBothwell et al.l (12009; analysis is based on, 
the absence of low SSFR galaxies in the intermediate mass range could be due to some combined bias in the sample 
selection criteria by the dual requirement of Ha and HI (from the Cornell digital HI archive, selected typically by 
luminosity, optical size and/or cluster membership) measures. 

The contours in the SSFR versus u — r diagram (middle column) show that the SSFRs of a. 40 galaxies are 
tightly correlated with the u — r color: for Hl-selected galaxies nearly all of which are blue, the SSFRs, and thus the 
recent star-formation histories, are well constrained by the u~ r color itself. Given the fact that the NUV band better 
traces star formation than the M-band, we would have expected that the niNuv — r color would be better correlated 
with SSFR than is the u — r color However, such an improvement is not obvious in the right panel: the larger 
attenuation correction introduces a greater dispersion in the observed NUV, so that a better correlation between SSFRs 
and niNuv — r colors is in fact not clearly evident among the s-sed dwarf galaxies. 

Finally, we consider another quantity related to the SSFR, namely, the birthrate or 6-parameter, b — SFR/ < 
SFR >— {SFR/M^,)TR, where T is the age of the galaxy and R is the fraction of the mass formed over the galaxy's 
lifetim e that does not eventually get returned to the ISM or IGM ( Brinchmann et al.ll2004l) . A typical value of R is 
^ 0.5 dBrinchmann et al.ll2004l) . and on the assumption that all galaxies started forming stars shortly after the Big 
Bang, T ~ 13 Gyr. For these choices of T and R, a galaxy with & = 1, i.e. a constant SFR, would have a SSFR 
of 10^^'^ yr ^^. Thus, galaxies with SSFRs larger than this value appear to have current SFRs above their lifetime 
average. With t he caveat t hat SFR measures based on Ha emission in the low SFR regime may be systematically 
underestimated. 



Lee et al. 



(I2009al) found that only ~6% of low mass 11 HUGS galaxies are currently experiencing 
massive global bursts (Ha EW above 100 A or 6 > 2.5). Here, we find that 13 galaxies (18%) of the ALFALFA 
s-sed sample have b > 1 and 5 galaxies (7%) even have b > 2.5. Because of the relationship between the SSFR and 
the 6-parameter, the distributions of log b vs. stellar mass, u — r and niMuv — f colors, shown in the bottom row 
of Figure [T2l resemble the corresponding distributions in the second row, suggesting that dwarfs have both higher 
SSFRs and 6-parameters, on average, compared to higher mass galaxies. For this reason, it is even more essential to 
take bursty behavior into account when modeling the SEDs of Hl-selected dwarfs. At the sarne time , the equivalent 
widths of emission lines, e.g. Ha, which also characterize the SSFRs or 6-parameters (ILee et al.l2009al) . could be large 
enough to modify the continuum emitted by the underlying stellar population, leading to large x^ in the SED fitting 
(EUl- Despite the caveats, the wide spread in b values evident among the s-sed sample suggests that the SFHs of the 
ALFALFA dwarfs are highly variable and no longer a strong function of Af». This result suggests further that other 
factors including environmental effects may play an important role in the regulation of star formation in Hl-selected 
dwarfs. 



5.2. Star formation efficiency and the gas depletion timescale 

In addition to normahzing the SFRs by stellar mass to infer the level of the current SFR relative to its past 
average, we can also normalize the SFR by the HI mass to infer the ratio relat i ve to p otential future star formation, 
as inferred from the present amount of HI gas. Following ISchiminovich et al.l (120101) . we define the star formation 
efficiency as SFE — SF R/Mht,^^'^ i ts reciprocal, as the gas consumption timescale Tcons = Mhi/SFR, also 
known as the Roberts time (RobertJ 19631) . Observationally, low SFEs have been measured for low-mass galaxies and 
LSB galaxies (I Boissier et al.ll2008h . and conversely, high efficiencies have been measured in starburst galaxies and 
interacting systems. 



Based on a sample of '-^lOOO local galaxies lO^M© < Af, < IO^^Mq, with HI and Ha fluxes compiled from the 
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literature. iBothwell et alj (120091) found that, with increasing luminosity, the HI gas fraction AIhi/M^ drops off faster 
than the Ha-derived SFR, resulting in shorter Tcons for more luminous galaxies. Those authors report Tcons in excess 
of several Hubble times {jh) for samples of dwarf irregular galaxies. In contrast, using the FUV luminosity instead of 
Ha to measure the SFR, iLee et al.l ( 1201 lb found that dwarf galaxies may not be as dras tically inefficient in co nverting 
gas into stars as suggested by Ha estimates, with SFEs exceeding t^^ . Although the iBothwell et al.l (120091) sample 
also exploits HI measures for a large sample to derive gas fractions, it is based on optical, rather than HI, selection, 
deriving most of its HI prope rties from the extensive compilation of HI spectra contained in the Cornell digital HI 
archive (ISpringob et al.ll2005l) . In fact, it is important to note that more than 2/3 of ALFALFA HI detections are new 
and were not includ ed in any of the extensive pointed observations which contributed to the digital archive dataset 
(IHavnes et alj|201 lb . In terms of the avail ability of HI me asures, the a. 40 parent sample is more homogeneous and its 
size is more than 10 times larger than the IBothwell et al.l (120091) sample. Moreover, we rely on SED fitting to derive 
physical quantities, rather than deriving stellar masses based on the M/L versus color relation (see ii4.2| i. or the Ha 
luminosity for the SF R (see ^4.5 1. In a ddition, the ALFALFA dwarf population used here extends to lower HI masses 
compared to those in lLee et al.l(l201lb . Therefore, the ALFALFA-based galaxy sample is more comprehensive than 
either of those two previous studies both in terms of probing the general trends exhibited by Hl-selected galaxies as 
well as exploring the behavior of the lowest mass dwarfs. 

Figure [T3] shows the distribution of SFE versus M^, u — r and mj^uy — r colors for the ALFALFA samples. 
Contours and grey small points in the left two panels depict the distribution of the full a.40-SDSS dataset, and the 
symbol definition follows the same convention as in Figure [121 The superposed dash-dotted line corresponds to 
SFE — t T,^. Three main co nclusions can be drawn from the general distribution. First, as discussed more fully 
elsewhere dHuang et al.ll2012l) . ALFALFA galaxies have, on average, higher SFRs but lower SFEs than optically- 
selected ones, due to their higher than average HI masses. At the same time, the SFEs are barely dependent on either 
the u — r or rriNuv — f color as shown in the center and right panels of Figure [T3] Secondly, although the variation in 
the average SFR is mild across the stellar mass range of 10^ — lO^^Mo {5 log < SFE >'^ 0.5 dex), the averaged SFE 
in each stellar mass bin increases with stellar mass. At the low mass end, the SFE ^ t^ , albeit with considerable 
scatter Thirdly, a population of galaxies with very low SFE, arising mainly because of their low SFR (see Figure (12), 
stands distinct from the general distribution at the high mass end (M* > 2 x 10^°Mq). 

Notably, despite the fact that they are selected to have the lowest HI masses in the a. 40 catalog, the s-sed dwarfs 
(circles and squares) typically have higher SFEs regardless of their low SFRs, compared to an extrapolation of the 
general trend into this stellar mass rang e. In contrast to the extremely low SFEs derived from Ha emission for the 
dwarfs studied bv IBothwell et al.l (l2009h . the ALFALFA dwarfs studied here are forming stars efficiently, and a large 
portion of them even have Tcons ^ tn- In particular, 14 out of 17 Virgo dwarfs (red squares) detected by ALFALFA 
have Tcons < tn, suggesting that the cluster environment may actually play a role in enhancing their SFEs by either 
accelerating their evolution and thus driving them to the gas-poor side, or simply stripping part of their gas away. In 
contrast, AGC 223913 and AGC 220819, both dE/dSphs in Virgo, have low SFEs and Tcons > tn- 



5.3. HI mass and gas fraction 

As specified in 0.4I we define the gas fraction here simply as the ratio of the HI mass to the stellar mass 
(fgas = Mhi /M^,), without a correction for the presence of helium or for other phases of hydrogen. Litt le is actually 



known about the molecular content of dwarf galaxies other than that it is low. Numerous other studies, e.g. Walter et al. 



( 12007) . have shown that dwarf galaxies, including ones detected in HI, are notoriously difficult to detect in CO and 
contain only small masses of dust. Moreover, the relationship between CO and H2 may break down in galaxies of low 
metallicity. Since the fraction of the ISM contributed by very cold molecular material is likely to be insignificant (e.g. 
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Lerov et al.ll2007h . and the uncertainty in it, large, we assume that the ALFALFA dwarfs are likely dominated by HI 
at least on global scales and equate the HI mass with their total gas mass. 

Figure [T4]presents the distribution of HI mass (upper panels) and gas fraction fgas (lower panels) as a function of 
stellar mass, u — r and niMuv — r colors, respectively. As before, in the left two panels, the ALFALFA dwarf galaxies 
in the s-sed sample are shown as circles and squares superposed on the parent a.40-SDSS sample (black contours and 
grey points). The horizontal dashed line in the upper panels marks the HI mass cutoff M^i < 10^'^AfQ imposed 
on the s-com sample. In the lower plots, horizontal dashed line traces M^i — M^ while in the lower left panel, 
the diagonal dash-dotted line traces the the locus where Mhi — lO^'^Af©. The distributions for the full ALFALFA 
population are smooth, with the mean Mhi increasing with Af,, and the mean fgas decreasing monotonically as Af* 
grows. Unsurprisingly, fgas is tightly correlated with both the u — r and niNuv — r color: bluer galaxies have higher 
gas fractions. Note again that ALFALFA probes significantly lower masses, both stellar and HI, than other surveys. 
Imposing a limit in Mhi confines the ALFALFA s-com sample to fall below the horizontal dashed line in the upper 
panels and to the left of the the dashed-dotted hne in the bottom left panel. 

As evident in the bottom row of panels, some of the lowest mass galaxies have extremely high gas fractions 
if gas > 100). Visual inspection of the most egregious cases shows that these values are corrupted by poor SDSS 
photometry or, possibly, by the assignment of the wrong OC. Although we have checked the photometry for the dwarf 
sample individually, only a por tion of the PCs in t he a.40-SDSS sample have been inspected individually to set a 
SDSS photometric quality flag dHavnes et al.ll201 ih . As a result, it is not surprising that some of the a. 40 galaxies 
with fgas > 100 suffer from shredding, with a fainter child assigned as the SDSS cross-match and thus producing 
an underestimate of A/*. In other cases, confusion within the ALFA beam may result in a match to the wrong object 
albeit the "most probable" OC. The complexities and caveats involved in assigning OCs to the ALFALFA dataset are 
discussed in iHavnes et al.l ( 1201 lb . However, some dwarfs really do appear to be highly HI dominated. For example, 
AGC 174514 in the supplementary s-sup sample also has a fgas > 100; its images are shown in Figure |7] It is the 
bluest galaxy among the s-sed sample, suggesting that it is truly a galaxy with lots of gas and not many stars. However, 
it may not be a single object and the fgas could be a slight overestimate due to the uncertainty of the distribution of the 
HI; there are several additional small blue LSB clumps within the ALFALFA beam which may contribute comparable 
optical luminosities, thereby raising the stellar mass by some factor, but certainly not 10^; this galaxy remains an 
unusual object with a very high gas fraction. 



Using a similar fgas vs. Mb diagram. iBothwell et al.l (120091) found a population of outliers, namely early type 
galaxies with extremely low fgas < 0.05, extending below the main distribution (Figure 3 of that paper) at the bright 
end (Mb < —18). They further identified this phenomenon with the large spread in the SSFRs of massive galaxies, 
suggesting that a dearth of fuel for star formation causes the extremely low SSFRs. In comparison with Figure 3 of 
Bothwell et alJ (2009) . Figure [14] reveals no concentration of galaxies with low fgas below the main distribution at 
the high mass end, despite the existence of many low SSFR massive galaxies. The absence of very low fgas massive 
galaxies in ALFALFA is not surprising given its well-chara cterized flux complete ness and near-cons tant integration 



time. In contrast, some of the HI measures contributed by the lSpringob et al.l(l2005h dataset and used bv JBothwell et al. 



i2009) made use of very deep targeted observations designed specifically to probe to very low gas fractions in massive 
early type and cluster galaxies. The desire to probe the true range of gas fraction s representative of the most massive 
galaxies hkewise motivated the targeted deep observations of the GASS program (ICatinella et al.ll2010l) . 



At the same time, they found that the population of low mass galaxies with a large spread in SSFRs is not matched 
by an equivalent shift to a larger range of fgas- On the other hand, the broad ening of the /„„ . , distr ibution at the low 
mass end is more evident in the ALFALFA dataset, compared to that seen by Bothwell et al. J 20091) . Among the 176 



ALFALFA dwarfs in the low HI rnass s-c om set, only 2 are included in the lSpringob et al.l (120051) catalog. Hence, it is 
not surprising that lBothwell et al.l (l2009l) see no broadening of the fgas distribution at the low mass end. HI selection 
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yields a high overall gas fraction across the full range of sampled masses, and at the same time, still a larger dispersion 
in theSSFR distribution at both the high and low stellar mass ends (see ^S.lj . 



In Figure [14] the ALFALFA dwarfs in the s-sed sample (circles and squares) lie on the low mass tail of both 
the Mhi and fgas distributions: at low stellar masses, the ALFALFA dwarfs probe a relatively low gas fraction 
population. This departure from the norm for the majority of the ALFALFA detections results from the imposition of 
the low HI mass cutoff. Among the low mass s-com galaxies (filled symbols), at a given M^i, the Virgo members 
(red squares) have, on average, higher M^ and thus lower gas fractions, than the non- Virgo ones (blue circles). Given 
the general trend between fgas and Af,, the most gas-rich galaxies have very low A/». Even if their Jgas > 1, the 
least massive may lie below the HI sensitivity of ALFALFA at the Virgo distance (log Mhi ^ 7.3). Alternatively, the 
low gas fractions may re flect a possible connection between the cluster environment and relative gas poorness; in fact. 



Hallenbeck et al 



(120121) show that some morphologically early Virgo dwarfs contain "normal" gas fractions and argue 
that they must have recently accreted their HI. Here, as is seen in Figure [TH more than half (46) of the s-sed galaxies 
have fgas > 1, meaning that their baryonic mass is dominated by their atomic gas, rather than by their stars. 



5.4. The star formation law and the global interplay of gas and stars 

It is well known that the local surface density of the star formation rate is strongly correlated with the local surface 
density of gas, T,sfr oc S" „ at least when averaged over ^ kpc scales. A precise measurement of its exponent is the 
'Kennicutt-Schmidt law' Jkennicutll998b[) . 



log{^SFR[MQ yr-1 kpc-^]) = alog(I]g,jMQ pc-^]) + C, (3) 



where C — log — ^i , a = L4 ± 0.15 and Y.gas — ^hi + S/f^ . The denominator of C, 1.5, results from 

the Chabrier IMF adopted in this work. Such a super-linear Schmidt law {a > 1) suggests a star formation efficiency 
which rises with gas surface density. Measurements of azimuthally averaged gas and SFR profiles show that the SFR 
correlates better wi th the molecular hydrogen component than with the total gas density at least within the optical disk 



(IBigiel et al.ll2008l) . Yet, on global scales averaged over the whol e galaxy, SFRs ap pear to correlate better with the 



total gas (HI + H2), rather than the molecular gas, surface density (IKennicuttll 1 998bl) . Global quantities such as those 



available to us sample a range of gas surface densities, timescales and conditions within the ISM, and since we have 
only global HI measures, we can only estimate T,gas by proxy, using the global HI mass and the optical size of the 
stellar disk. 

Albeit crude in comparison to more detailed studies of spatial resolved atomic and molecular distributions, we 
examine via Figure [15] the correlations of global quantities related to the Schmidt law to demonstrate the constraints 
placed by the global HI measures on global SFRs. As before, both the a. 40 and the dwarf s-sed samples are shown, 
with symbol definitions following Figure [12] Panel (a) of Figure [15] shows the distribution of the SFR as a function 
of Mhi', this can be thought of as the global atomic and volumetric star formation law. The green dotted line with 
a slope of 1.2 is the linear fit to all the a.40-SDSS galaxies. The dashed line, of slightly steeper slope 1.5, is the 
linear fit to the galaxies in the dwarf s-sed sample only. While it is natural to expect higher SFRs in galaxies with 
more gas available to form stars, the ALFALFA s-sed dwarf galaxies define the low HI mass tail of the distribution of 
star forming galaxies. Note also the presence of a second tail exhibited by the parent a.40-SDSS population at very 
low SFRs; these galaxies may include a population of objects whose HI distributions extend beyond their star-forming 
disks. In i j5.2l we have already presented the result that the SFE increases slowly with A/* . In fact, other recent works 
demonstrate that the J^sf r — ^nas relation s teepens at low gas surface densities due to the transition from atomic to 



molecular hydrogen (e.g., iBigiel et al.ll2008h . The dependence of SFR on Mhi for the ALFALFA dwarfs shown in 



panel (a) shows a suggestive mild steepening at low Mhi. Similarly. JRoychowdhury et al.l (120091) found that the SFR 
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is generally lower in gas rich dwarfs than predicted by the 'Kennicutt-Schmidt law' . Again, we note that the linkage of 
the scaling between SFR and Mhi with the power law derived for Tjsfr and Yjgas is subject to various uncertainties, 
including the contribution from molecular gas, and the relative extent of the star forming and HI disks. Therefore, this 
comparison of global quantities yields only a suggestive empirical result. 

In panel (b), we normalize both axes by M*, giving the relationship between SSFR and fgas- Normalization by 
A/» moves the galaxies in the ALFALFA dwarf s-sed sample from the tail seen in panel (a) back to within the main 
distribution. For the majority of ALFALFA galaxies, except those with extremely low SSFR, a clear trend exists: the 
more gas-rich (higher gas fraction), the higher is the SFR relative to the accumulated stellar mass (higher SSFR). 

Given the fact that the majority of HI disks are un-resolved by ALFALFA, we cannot quantify Yigas directly. 
However, we can char acterize the surface densiti es by introducing an area-related quantity: the stellar surface mass 



density, /i* . FoUowing lSchiminovich et al.l (120101) . we define the stellar surface mass density: 



^4M0kpc-^] = 



_2i _ O.5M4M0] 



7r(r5o,z[kpc])2' 



where r5o,2 is the Petrosian half-light radius according to the SDSS pipeUne measurements. Panel (c) of Figure [Ts] 
shows that SSFR decreases with increasing /i, in general, and that the dwarf s-sed galaxies, on average, have lower 
/i* than the full ALFALFA population. For comparison with other studies, we adopt an aperture of radius rso,^ and 
assume that, by definition, it encloses also one half of the stellar mass. Although it is likely not a correct assumption, 
we assume first that this aperture also contains exactly half of the global SFR, as well as half of the HI mass, and thus 

1 /v. r.. 1, 2l^ 1 G.55'Fi?[M0yr-i] 

log(S]sFfliM0yr-ikpc-2]) = log. ^ "^ J 



log(Sg,,[M0 pc-2]) = log(I]^,,[M0 kpc-2]) - 6 = log 



7r(r50,z[kpc])2 
Q.^MhAMq] 



7r(r5o,z[kpc])2 
The star formation law averaged within this aperture can be re-written from equation (|3) as: 

log(I]sfi?[M0 yr-i kpc-^]) ^ a{\og^l,[MQ kpc-^] _ 6) + alog/g,, + C (4) 

Certainly the adoption of the right hand side of equation (|4]l to infer Yisfr, is crude at best. It is true or, at least, 
hkely that (i) star formation may be more concentrated than the older population (see i]3.2l ). so that Yjsfr is underes- 
timated; (ii) the HI disk is more extended than the stellar one so that T^gas and thus T^sfr are both overestimated; (iii) 
ignoring the contribution of H2 to the Tigas also leads to an underestimate of T,sfr- 

With the above caveats, equation (|4|l gives a crude relation between the SSFR, /i* and fgas'- 

log SSFR[yi- = log — log — — 

7r(r5o,^[kpcJ)^ 7r(r5o,^[kpcJ)^ 

= (a - 1) log Ai* [Mq kpc-2] + a log fgas -6a + C. (5) 

Adopting the values of C and a from equation |3] we plot the right hand side of this equation on the x axis of 
Figure [15] panel (d) and the left hand side {log SSFR) on the y axis. Although these two quantities are correlated 
as expected with a slope of r^ 1, the main distribution is shifted from the one-to-one correlation, represented by the 
red dashed line, in the sense that the right hand side overestimates the SSFR, i.e. J^sfr- Among the three possible 
caveats to the adoption of the right hand side of equation (|4]l to infer 'Ssfr which might lead to systematic errors in 
the J^sFR estimates, only the second one, that the HI gas extends beyond the stellar disk, would yield a shift in the 
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correct direction. Additional factors that might cause such a shift include: (iv) The ALFALFA galaxies have sub-solar 
metallicity on average, requiring an even smaller C (see ij4.4t ; (v) because they are gas-rich in general, they also have 
lower SFEs relative to the typical SDSS galaxies (see ^^, and thus small er C values. Both these interpretations are 
consistent with what is evident in Figure [T5]panel (d), i.e., the standard C (IKennicuttll 1 998a) may be an overestimate 



for an HI selected population. Furthermore, a plot with the same x and y axes as in Figure [TSl d) but color coded by 
the mean SFEs of galaxies within each grid cell clearly shows that the offset from the one-to-one line increases with 
decreasing SFE. 



Rather than adopting C and a values from the Kennicutt-Schmidt law. lZhang et al.l (120091) calibrated an empirical 
estimator of fgas from SSFR and /i,, reformulated as, 

log SSFR = 2.96 log Ai, +3.85 log /gas - 32.81, 

corresponding to larger a and smaller C values than given in equation [3] Their best estimator of fgas had SSFR 



substituted hy g—r color, since optical colors can be good proxies for SSFRs (see ^S.lj . In agreement with Zhang et al. 



2009), we also prefer a smaller SFE scaling factor than the iKennicutti (1 1 998bl) value (see Eqn|3]l. However, Zhan g et al. 
(l2009b cahbrate their fgas estimator from an SDSS selected sample with existing HI data and therefore relatively gas 



poor compared to the ALFALFA Hl-selected population. For this reason, their estimator systematically underpredicts 
the fgas of the a.40-SDSS galaxies by --0.3 dex. 

Panel (d) of Figure [15] shows that, compared to the full a. 40 distribution, the ALFALFA dwarf galaxies appear 
slightly closer to the one-to-one line given by equation (|5]l. Again, this result may arise from their selection as the 
lowest Mhi systems. As we have seen, the dwarfs studied here are relatively gas-poor (see i j5.3l) and have higher 
SFEs (see i j5.2l i compared to those estimated for the full a. 40 population in the same stellar mass range. Therefore the 
fact that the dwarfs lie closer to the one-to-one relation traced by equation ^ is consistent with the finding above that 
lower than typical SFEs drive the overall ALFALFA distribution to lower SSFRs for their n^, and fgas- Comparisons 
of the star forming properties of samples selected either by stellar mass or by HI mass must account for the biases 
imposed on those properties by the various selection criteria. 



6. Summary 

With unprecedented sensitivity, areal coverage, angular and velocity resolution, the ALFALFA extragalactic HI 
survey provides us with a homogeneous parent sample of gas-bearing galaxies which approaches a full census of star- 
forming galaxies. More than 2/3 of ALFALFA sources are new HI detections and thus wou ld not have been inclu ded 
in previous star formation studies of large HI samples based on optical target selection, e.g. iBothwell et al.l (120091) . In 



this paper, we have examined the population of galaxies detected by ALFALFA with the lowest HI masses, combining 
photometric and spectroscopic data from the SDSS and new UV images from GALEX to probe th e relationship 



between their HI, stellar and star-forming components. Compared to other dwarf studies such as FIGGS (IBegum et al 



I2OO8) or 1 IHUGS ( Lee et al. 2007) , the ALFALFA dwarf sample includes a much larger number of very low HI mass 
objects (log Mhi < 7.7). Moreover, only 56% of the ALFALFA dwarfs within the SDSS footprint have a counterpart 
in the SDSS spectroscopic survey confirming that the ALFALFA survey is providing an important contribution to the 
census of dwarf galaxies in the nearby universe. 

Being sensitive to very low levels of star formation activity (below lO^^M© yr^^), the FUV luminosity is a more 
robust tracer of the SFR in metal- and dust-poor dwarfs than the Ha or IR predictors. We have reprocessed all of the 
available MIS-level GALEX FUV images for 118 ALFALFA dwarfs. Only one out of those 118 dwarfs is not detected 
in the FUV: virtually all Hl-selected gas-rich dwarfs show some evidence of recent star formation. Examinations of the 
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CMD, UV colors, BPT diagram and _D„(4000) all confirm the general notion that Hl-selected dwarf galaxy samples 
are dominated by faint blue cloud galaxies and are more likely to be star-forming than galaxies typically included in 
optical-UV selected samples (e.g. Brinchmann et al. 2004: Salim et al. 2007; Wvder et al. 2007; Catinella et al. 2010) . 

SED fitting to UV/optical bands is improved via trimming out the models with unrealistically high extinction. We 
demonstrate that estimates of the SFRpuv still suffer from internal extinction in the ALFALFA dwarfs . Even in such 
low metallicity, low l uminosity systems, neglecting the extinction at FUV wavelengths Apjjy, as has been the practice 



of some authors, e.g. iRovchowdhurv et al.l (12009 1). will lead to the systematic underestimate of FUV luminosity. At 



the same time, application of the standard IRX — (3 relation given their UV colors would over-predict Apuv in many 
of the lowest HI mass galaxies, possibly because of their different SFH and/or dust geometry. 

Although limited to the SDSS fiber apertures, the SFRs derived from SDSS Ha line flux are compared to those 
derived from SE D-fitting and we ca nnot rule out systematic deficiency in the SFR values derived from Ha as might 
be consistent with L ee et al.l (|2009bV Because the ALFALFA dwarfs have low SFRs on average, they provide an ideal 



sample for Ha imaging to probe this question; this work is in progress. 

Many ALFALFA dwarfs have high SSFRs and 6-parameters greater than 1, suggesting that they are currently 
forming stars in a bursty manner As a result, it is essential to take the possibility of bursty star formation into full 
account when modeling their SEDs. If a constant SFH is assumed, the calibrations used most often will o ver-predict 



the d erived properties, e.g. the stellar mass as derive d from the mass to light ratio vers us color relation (iBell et al. 
20031) . or the SFR obtained from the FUV luminosity (lKennicuttll998al;lLee et alJ2009bl) . 



In the SSFR vs. M^, diagram, the red sequence galaxies possess low SSFRs. The dispersion in the SSFR dis- 
tribution increases at both the high and low mass ends. Factors other than M* such as environmental effects likely 
play importan t roles in the regulatio n and quenching of star formation in low mass galaxies. In the fgas vs. A/* 
plot, although Bothwell et alJ (120091) reported broadening in the fgas distribution only at the high mass end, we find 
a mild increase in the dispersion of fgas only at the low mass end. Within the ALFALFA dwarf s-sed sample, Virgo 
cluster members have lower gas fractions at a given Mhi with a wide spread also in the distributions of SSFR or the 
6-parameter A study of the gas and stars in a larger sample of VCC Virgo dwarfs selected by optical criteria will be 



presented elsewhere (IHallenbeck et al.ll2012l) . 



A clear decrease of the fgas with increasing M* is seen for the whole distribution, i.e. on average, the low mass 
galaxies are extremely gas rich for their M* and relatively unevolved. However, because the ALFALFA dwarfs are 
selected to be the sources with lowest HI masses, the imposition of an HI mass cutoff leads to the selection of a dwarf 
sample with lower gas fractions for their stellar mass than is characteristic of the a. 40 sample overall. Therefore, 
a large portion of the ALFALFA dwarfs studied here still have Tcons ^ tn, in particular the more gas poor Virgo 
members. 

The HI mass correlates well with the SFR on global scales. Under the simple assumption that the aperture 
subtended by the half light radius also contains exactly half o f the stellar mass , HI mass and star formation, we 
substitute the general "Kennicutt-Schmidt" star-formation law (IKennicuttll 1998bl) into the expression of the SSFR, 



leading to a predicted relation between SSFR, stellar surface mass density and gas fraction as given by equation (|5]l; 
this relation also depends on the exponent a and scaling factor C in the star formation law. The observed trend 
is consistent with the assumption that HI disks are in general more extended than the corresponding stellar ones. 
Additional possible contributions are that ALFALFA galaxies have generally sub-solar metallicity and, probably more 
importantly, lower SFEs, both of which may lead to lower C values. 

A statistical sample such as that provided by ALFALFA allows the study only of global relations between the 
constituent populations within the galaxies. Clearly, a full understanding of the interaction between gas and stars and 
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the physical mechanisms responsible for laws of star formation requires resolved maps of the distribution of HI, and 
where feasible, the molecular component as well as deeper and better probes of the stellar population. ALFALFA is 
already providing the fundamental target list for an on-going EVLA/Spitzer/HST project ex ploring the lowest HI mass 



galaxies detected by ALFALFA: SHIELD (Survey of HI in Extremely Low Mass Dwarfs. ICannon et al.ll201 Ih . The 
completion of the ALFALFA survey over then next few years will yield an even richer sample of dwarf galaxies than 
that studied here. 
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174514 


07 52 30.9 


+ 1149 40 


20.12(0.07) 


20.09(0.04) 


19.97(0.04) 


0.36(0.13) 


oly 


30.4(2.3) 


8.26(0.16) 


5.75(0.19) 


-2.44(0.17) 


4115 


07 57 01.9 


+ 14 23 29 


15.48(0.01) 


15.48(0.01) 


15.14(0.01) 


1.18(0.03) 


pbphot 


7.7(0.5) 


8.51(0.12) 






181471 


08 03 24.6 


+ 15 08 28 


18.67(0.03) 


18.27(0.02) 


17.56(0.02) 


1.36(0.11) 


pbphot 


30.3(2.3) 


8.36(0.16) 






182460 


08 03 43.9 


+ 10 08 58 


18.23(0.02) 


18.00(0.01) 


17.23(0.01) 


0.90(0.03) 


pbphot 


39.1(2.3) 


8.60(0.14) 






188862 


08 09 17.8 


+08 43 39 






19.47(0.02) 


1.47(0.12) 


oly 


17.2(2.3) 


7.54(0.29) 






188955 


08 2137.0 


+04 19 01 






18.35(0.03) 


0.47(0.07) 


pbphot 


11.8(2.3) 


7.30(0.40) 






188762* 


08 23 31.3 


+ 15 09 05 


20.01(0.09) 


19.65(0.06) 


18.60(0.04) 


0.63(0.13) 


domi 


38.7(2.3) 


8.38(0.14) 


7.29(0.23) 


-1.69(0.20) 


188875* 


08 26 30.6 


+ 1147 12 


19.12(0.04) 


18.79(0.02) 


16.41(0.01) 


1.43(0.05) 


par 


29.3(2.3) 


7.94(0.18) 


7.89(0.18) 


-2.16(0.55) 


182595 


08 51 12.1 


+27 52 48 






16.47(0.02) 


1.27(0.05) 


domi 


5.9(2.3) 


6.53(0.80) 






182462 


08 52 33.8 


+ 13 50 28 


18.84(0.06) 


18.26(0.03) 


16.60(0.01) 


1.23(0.06) 


domi 


23.9(2.3) 


8.57(0.20) 


7.44(0.20) 


-1.41(0.24) 
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AGC 


_RA(J2000) 


Dec(J2000) 


mpuv 


mifuv 


r 


u — r 


sFlag 


D 


log Mhi 


log M. 


log SFR 




[""=] 
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[mag] 


[mag] 


[mag] 


[mag] 




[Mpc] 


[Mq] 


[Mq] 
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1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


191791 


09 08 53.8 


+ 14 35 02 


20.72(0.10) 


20.04(0.06) 


17.36(0.03) 


0.94(0.09) 


par 


9.5(0.8) 


6.77(0.36) 


6.66(0.19) 


-3.09( 0.60) 


198507 


09 15 25.8 


+25 25 10 






18.48(0.03) 


0.52(0.07) 


oly 


7.4(2.3) 


6.95(0.63) 






198354 


09 16 30.9 


+09 10 24 






18.05(0.03) 


1.91(0.25) 


oly 


20.7(2.3) 


7.47(0.26) 






191894* 


09 21 15.0 


+09 43 52 


19.89(0.06) 


19.50(0.03) 


17.21(0.01) 


1.35(0.04) 


oly 


21.9(2.3) 


7.39(0.25) 


7.37(0.23) 


-2.23( 0.37) 


198508 


09 22 57.0 


+24 56 48 






17.47(0.02) 


1.15(0.08) 


domi 


7.7(2.3) 


6.71(0.62) 






192039* 


09 47 31.4 


+ 10 29 32 


19.65(0.06) 


19.23(0.04) 


17.61(0.02) 


1.40(0.08) 


oly 


47.4(2.3) 


8.39(0.15) 


7.78(0.14) 


-1.48(0.17) 


191803 


09 48 05.9 


+07 07 43 






15.99(0.01) 


1.27(0.04) 


domi 


7.2(2.3) 


7.33(0.65) 






193921 


09 49 14.9 


+ 15 48 27 


20.63(0.10) 


20.67(0.07) 


18.36(0.04) 


1.58(0.24) 


oly 


23.3(2.3) 


7.90(0.22) 


6.76(0.22) 


-3.43( 0.67) 


731430 


09 57 29.4 


+27 45 24 






17.44(0.02) 


1.11(0.06) 


par 


19.3(2.3) 


7.55(0.26) 






5373 


10 00 00.0 


+05 19 56 


13.66(0.00) 


13.44(0.00) 


20.60(0.04) 


0.30(0.10) 


pbphot 


1.3(0.6) 


7.51(0.91) 






205097 


10 00 02.4 


+ 15 46 07 


20.46(0.09) 


19.78(0.05) 


17.52(0.02) 


2.17(0.19) 


domi 


35.9(2.3) 


8.21(0.16) 


8.38(0.14) 


-1.89(0.25) 


205104* 


10 0155.2 


+ 15 45 37 


19.50(0.05) 


19.34(0.03) 


17.72(0.02) 


1.27(0.11) 


par 


34.8(2.3) 


8.32(0.15) 


7.53(0.16) 


-1.93(0.19) 


205105* 


10 02 51.0 


+ 14 33 12 


18.35(0.03) 


18.17(0.02) 


16.87(0.01) 


0.96(0.03) 


domi 


42.8(2.3) 


8.27(0.14) 


7.73(0.13) 


-1.20(0.17) 


202240 


10 2120.2 


+ 12 10 37 


17.68(0.02) 


17.23(0.01) 


15.73(0.02) 


1.52(0.03) 


pbphot 


43.3(2.3) 


8.83(0.11) 






731448 


10 23 45.0 


+27 06 39 






16.02(0.01) 


1.01(0.02) 


oly 


7.5(2.3) 


7.10(0.62) 






202243* 


10 26 41.8 


+ 115351 


18.75(0.03) 


18.44(0.02) 


16.77(0.02) 


1.09(0.04) 


par 


35.3(2.3) 


8.78(0.13) 


7.71(0.15) 


-1.37(0.23) 


208394 


10 28 43.8 


+04 44 04 






21.54(0.12) 


0.58(0.38) 


pbphot 


19.2(2.3) 


7.69(0.26) 






731454 


10 28 58.6 


+25 17 13 






16.90(0.02) 


1.31(0.04) 


domi 


20.7(2.3) 


7.31(0.27) 






749315 


10 29 06.4 


+26 54 38 






18.64(0.02) 


0.67(0.06) 


oly 


9.2(2.3) 


6.83(0.52) 






749316 


10 30 09.6 


+27 23 19 






18.03(0.02) 


0.91(0.09) 


pbphot 


21.7(2.3) 


7.69(0.23) 






203709 


10 30 44.3 


+06 07 31 






15.90(0.02) 


1.21(0.04) 


domi 


8.2(2.3) 


7.25(0.57) 






205156 


10 30 52.9 


+ 12 26 48 






18.17(0.02) 


1.29(0.06) 


oly 


11.1(0.7) 


6.97(0.18) 






202015 


10 3154.1 


+ 12 55 38 


20.16(0.08) 


19.70(0.05) 


20.69(0.07) 


2.07(0.80) 


pbphot 


43.1(2.3) 


8.28(0.16) 






731457 


10 3155.8 


+28 01 33 


17.80(0.02) 


17.62(0.01) 


16.11(0.01) 


1.23(0.03) 


pbphot 


6.1(2.3) 


6.74(0.76) 






204139 


10 3201.3 


+04 20 46 






17.51(0.02) 


1.11(0.06) 


par 


18.7(2.3) 


7.58(0.27) 






202248 


10 34 56.1 


+ 1129 32 


18.87(0.04) 


18.63(0.02) 


16.89(0.01) 


0.96(0.05) 


par 


11.1(0.7) 


7.29(0.15) 


6.68(0.15) 


-2.56( 0.49) 


205165 


10 37 04.8 


+ 15 20 15 


18.51(0.03) 


18.01(0.02) 


15.56(0.01) 


1.53(0.04) 


domi 


11.1(0.7) 


6.94(0.16) 


7.44(0.15) 


-2.15(0.20) 


208397 


10 38 58.1 


+03 52 27 






20.01(0.05) 


0.72(0.21) 


oly 


10.2(2.3) 


7.01(0.47) 






200512 


10 39 55.6 


+ 13 54 34 


20.04(0.13) 


19.10(0.06) 


18.85(0.10) 


1.25(0.56) 


pbphot 


11.1(0.7) 


6.95(0.16) 






208399 


10 40 10.7 


+04 54 32 






19.22(0.06) 


1.40(0.38) 


pbphot 


9.9(2.3) 


7.39(0.47) 






205078 


10 4126.1 


+07 02 16 






18.42(0.05) 


0.90(0.19) 


par 


19.4(2.3) 


7.58(0.26) 






200532* 


10 42 00.3 


+ 12 20 07 


18.38(0.03) 


17.85(0.01) 


15.20(0.00) 


1.45(0.02) 


domi 


11.1(0.7) 


7.48(0.14) 


7.50(0.14) 


-2.93(0.51) 


203082 


10 42 26.5 


+ 13 57 26 






16.57(0.02) 


1.58(0.07) 


domi 


17.5(1.1) 


7.59(0.15) 






202024 


10 44 57.5 


+ 1154 58 


19.49(0.04) 


19.24(0.03) 


17.09(0.02) 


1.05(0.06) 


par 


11.1(0.7) 


6.82(0.18) 


6.74(0.16) 


-3.37(0.71) 


205270 


10 45 09.7 


+ 15 27 00 






16.23(0.00) 


1.38(0.03) 


oly 


17.5(1.1) 


7.49(0.17) 






201970 


10 46 53.2 


+ 12 44 40 


20.84(0.24) 


20.13(0.12) 


18.63(0.10) 


1.24(0.49) 


pbphot 


11.1(0.7) 


7.27(0.13) 






201959* 


10 47 27.5 


+ 13 53 22 


19.41(0.04) 


18.74(0.02) 


16.35(0.01) 


1.48(0.03) 


domi 


45.6(2.3) 


8.11(0.15) 


8.42(0.12) 


-0.92(0.18) 


200603 


10 49 17.1 


+ 12 25 20 


17.72(0.03) 


17.21(0.01) 


16.04(0.01) 


1.15(0.03) 


pbphot 


17.5(1.1) 


8.48(0.13) 






205197* 


10 49 42.8 


+ 13 49 41 


20.76(0.08) 


20.64(0.06) 


19.31(0.04) 


1.29(0.16) 


oly 


17.5(1.1) 


7.45(0.15) 


6.24(0.17) 


-3.13(0.18) 


205198* 


105001.8 


+ 13 47 05 


18.35(0.02) 


18.05(0.01) 


16.53(0.00) 


0.99(0.02) 


oly 


17.5(1.1) 


7.67(0.15) 


7.22(0.14) 


-1.82(0.16) 



ON 
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AGC 


_RA(J2000) 


Dec(J2000) 


mpuv 


mifuv 


r 
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D 


log Mhi 


log M. 
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[mag] 


[mag] 
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[mag] 




[Mpc] 


[Mq] 


[Mq] 
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1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


205327* 


10 53 35.5 


+ 110021 


19.53(0.05) 


19.49(0.03) 


18.01(0.01) 


1.03(0.05) 


oly 


44.7(2.3) 


8.41(0.16) 


7.35(0.12) 


-1.75(0.17) 


6014 


10 53 42.7 


+09 43 39 


16.92(0.01) 


16.77(0.01) 


15.09(0.01) 


1.48(0.05) 


pbphot 


11.1(0.7) 


7.97(0.13) 






202035 


10 56 13.9 


+ 12 00 37 


17.76(0.02) 


17.55(0.01) 


16.29(0.01) 


0.79(0.04) 


domi 


11.1(0.7) 


7.73(0.13) 


6.66(0.14) 


-1.97(0.23) 


205278* 


10 58 52.2 


+ 14 07 46 


20.57(0.08) 


19.55(0.03) 


16.39(0.01) 


1.65(0.06) 


par 


11.1(0.7) 


7.01(0.19) 


7.17(0.15) 


-3.90( 0.74) 


215256* 


1 1 03 26.3 


+ 16 0100 


19.11(0.04) 


18.56(0.03) 


16.08(0.03) 


1.68(0.07) 


domi 


21.0(2.3) 


7.87(0.23) 


7.94(0.24) 


-1.71(0.27) 


219117* 


1103 46.7 


+08 34 19 


20.12(0.07) 


19.85(0.04) 


18.01(0.02) 


1.35(0.08) 


par 


17.5(1.1) 


7.69(0.15) 


6.80(0.15) 


-2.63(0.18) 


210023* 


1104 26.3 


+ 114521 


17.50(0.02) 


17.21(0.01) 


15.34(0.01) 


1.10(0.02) 


par 


11.1(0.7) 


7.76(0.13) 


7.35(0.15) 


-1.94(0.29) 


213757 


1105 59.6 


+07 22 25 






16.77(0.01) 


1.34(0.03) 


oly 


17.5(1.1) 


7.64(0.15) 






215262 


1106 35.3 


+ 12 13 48 






17.93(0.03) 


1.63(0.22) 


pbphot 


17.5(1.1) 


7.61(0.14) 






731550 


1107 07.7 


+28 03 23 






16.76(0.01) 


1.12(0.05) 


par 


24.6(2.3) 


7.62(0.26) 






210082* 


1109 23.2 


+ 10 50 03 


16.88(0.02) 


16.47(0.01) 


14.44(0.00) 


1.43(0.01) 


par 


17.5(1.1) 


8.29(0.13) 


8.36(0.14) 


-1.16(0.21) 


210111 


11 1025.1 


+ 10 07 34 


16.89(0.02) 


16.67(0.01) 


15.57(0.01) 


1.32(0.03) 


pbphot 


17.5(1.1) 


8.34(0.13) 






219368 


11 1221.6 


+24 04 39 






21.20(0.12) 


1.57(0.94) 


pbphot 


10.2(2.3) 


7.31(0.46) 






6245 


11 12 39.8 


+09 03 21 


17.85(0.02) 


16.59(0.01) 


12.54(0.00) 


2.04(0.01) 


domi 


17.5(1.1) 


8.00(0.14) 


9.52(0.16) 


-0.92( 0.28) 


213796* 


11 12 52.7 


+07 55 19 


19.12(0.04) 


18.69(0.02) 


16.83(0.01) 


1.15(0.03) 


oly 


17.5(1.1) 


7.62(0.15) 


7.18(0.14) 


-1.93(0.17) 


215240 


11 13 50.8 


+09 57 39 






18.04(0.02) 


0.95(0.06) 


oly 


17.5(1.1) 


7.52(0.15) 






212824 


11 13 59.4 


+ 11 19 49 


18.11(0.02) 


17.91(0.02) 


20.39(0.07) 


1.07(0.38) 


pbphot 


44.5(2.3) 


9.04(0.11) 






215282 


11 14 25.2 


+ 15 32 02 






16.07(0.00) 


1.28(0.02) 


pbphot 


11.3(2.3) 


6.94(0.43) 






202256* 


11 14 45.0 


+ 12 3851 


18.98(0.04) 


18.70(0.02) 


16.87(0.01) 


1.22(0.04) 


par 


10.0(0.6) 


7.20(0.13) 


6.72(0.14) 


-2.61(0.16) 


215284 


11 15 32.4 


+ 14 34 38 






17.25(0.02) 


1.17(0.05) 


oly 


19.7(2.3) 


7.59(0.25) 






215186 


11 1701.2 


+04 39 44 






17.75(0.01) 


1.41(0.07) 


oly 


24.0(2.3) 


7.56(0.24) 






210220 


11 1701.1 


+ 13 05 55 


19.08(0.04) 


18.18(0.02) 


15.49(0.01) 


2.03(0.06) 


domi 


10.0(0.6) 


7.15(0.14) 


7.66(0.13) 


-1.89(0.16) 


215286 


11 19 12.7 


+ 14 19 40 






20.32(0.07) 


1.68(0.44) 


pbphot 


10.0(0.6) 


7.12(0.13) 






202257 


11 19 14.4 


+ 1157 07 


17.75(0.02) 


17.54(0.01) 


16.32(0.02) 


1.32(0.06) 


pbphot 


10.7(2.3) 


7.95(0.44) 






213074 


11 19 28.1 


+09 35 44 


17.80(0.02) 


17.58(0.01) 


17.01(0.01) 


0.45(0.02) 


domi 


13.7(2.3) 


7.98(0.34) 


6.28(0.35) 


-1.79(0.34) 


213511 


1122 23.4 


+ 1147 38 






17.08(0.01) 


1.15(0.03) 


oly 


17.5(1.1) 


7.47(0.18) 






213440 


1123 37.6 


+ 12 53 45 




19.18(0.03) 


16.44(0.01) 


1.42(0.05) 


oly 


10.0(0.6) 


6.77(0.17) 






215142* 


1124 44.5 


+ 15 16 32 


18.38(0.04) 


17.95(0.02) 


16.10(0.01) 


1.29(0.03) 


par 


20.0(2.3) 


8.37(0.23) 


7.61(0.25) 


-1.61(0.25) 


215296* 


1126 55.1 


+ 14 50 03 


19.94(0.08) 


19.58(0.04) 


18.33(0.03) 


0.82(0.07) 


par 


11.5(2.3) 


7.26(0.41) 


5.94(0.41) 


-2.78( 0.59) 


219203 


1127 28.9 


+05 37 02 






18.03(0.03) 


0.95(0.09) 


par 


25.0(2.3) 


7.67(0.21) 






212837 


1130 53.4 


+ 14 08 46 




17.74(0.02) 


16.68(0.01) 


1.17(0.07) 


pbphot 


10.7(2.3) 


7.72(0.44) 






215303 


113108.8 


+ 13 34 14 




19.04(0.03) 


17.32(0.03) 


1.12(0.05) 


domi 


15.0(2.3) 


7.48(0.32) 






215306 


1133 50.1 


+ 14 49 28 




18.67(0.02) 


16.48(0.02) 


1.29(0.04) 


domi 


20.4(2.3) 


7.66(0.24) 






215248 


1133 50.9 


+ 14 03 15 




18.85(0.02) 


16.55(0.01) 


1.31(0.04) 


par 


11.3(2.3) 


6.80(0.44) 






212838 


1134 53.4 


+ 1101 10 




17.70(0.02) 


17.35(0.02) 


0.32(0.05) 


pbphot 


10.3(2.3) 


7.60(0.45) 






213155 


1137 08.6 


+ 13 15 03 






17.09(0.01) 


0.62(0.04) 


par 


12.0(2.3) 


7.64(0.39) 






6655* 


114150.5 


+ 15 58 24 


16.43(0.01) 


16.23(0.01) 


14.15(0.00) 


1.29(0.01) 


oly 


8.7(2.3) 


7.38(0.54) 


7.81(0.54) 


-1.81(0.54) 


213333 


1143 27.0 


+ 1123 54 






15.86(0.00) 


0.97(0.02) 


oly 


10.3(2.3) 


7.31(0.46) 






731804 


1149 25.8 


+25 37 00 






17.68(0.02) 


1.33(0.06) 


oly 


29.2(2.3) 


7.65(0.28) 






210822 


1150 02.7 


+ 15 0124 






14.95(0.00) 


0.45(0.01) 


pbphot 


8.6(2.3) 


7.45(0.54) 
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[Mq] 
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12 


213174 


115104.8 


+05 14 46 




18.54(0.02) 


17.01(0.01) 


0.46(0.03) 


par 


25.0(2.3) 


7.84(0.21) 






215213 


1152 20.2 


+ 15 27 36 






17.61(0.16) 


0.96(0.18) 


pbphot 


9.0(2.3) 


7.15(0.52) 






215145 


1154 12.4 


+ 12 26 06 




18.86(0.03) 


19.01(0.08) 


0.57(0.30) 


par 


16.7(4.2) 


8.00(0.51) 






224237 


12 04 47.1 


+ 10 37 35 


18.73(0.04) 


18.32(0.02) 


16.78(0.01) 


0.83(0.03) 


par 


39.3(2.3) 


8.43(0.15) 


7.77(0.16) 


-0.93( 0.20) 


226606 


12 09 21.2 


+25 12 03 






16.29(0.01) 


1.29(0.03) 


domi 


8.7(2.3) 


7.01(0.54) 






224231 


12 1159.5 


+05 55 02 






16.78(0.01) 


1.24(0.05) 


par 


8.1(2.3) 


6.78(0.58) 






220195 


12 12 22.7 


+06 58 46 


19.76(0.05) 


19.55(0.02) 


17.13(0.01) 


1.20(0.08) 


par 


24.2(4.8) 


7.46(0.44) 


7.47(0.40) 


-2.54( 0.55) 


223286 


12 13 48.1 


+ 12 4126 






16.33(0.01) 


1.44(0.05) 


par 


17.5(5.1) 


7.60(0.59) 






7285 


12 15 56.3 


+ 14 25 57 






14.42(0.01) 


1.96(0.02) 


domi 


16.7(1.7) 


7.48(0.22) 






220257 


12 15 53.7 


+ 14 0130 






16.68(0.02) 


3.78(0.62) 


pbphot 


16.7(1.7) 


7.51(0.21) 






222297 


12 16 13.0 


+07 55 45 




18.37(0.02) 


14.61(0.00) 


1.65(0.02) 


domi 


24.2(4.8) 


7.57(0.45) 






220261 


12 16 11.8 


+08 22 24 


19.56(0.05) 


19.22(0.03) 


17.53(0.03) 


2.40(0.47) 


pbphot 


16.6(2.0) 


7.36(0.27) 






220282 


12 16 52.4 


+ 14 30 55 






14.34(0.01) 


1.89(0.03) 


domi 


16.7(1.7) 


7.57(0.22) 






220289 


12 17 10.7 


+06 25 54 






15.91(0.00) 


1.31(0.02) 


domi 


24.2(4.8) 


7.55(0.43) 






732041 


12 17 42.4 


+27 29 03 






16.18(0.01) 


1.32(0.04) 


par 


21.6(2.3) 


7.52(0.24) 






223390 


12 18 07.7 


+05 55 47 


19.09(0.04) 


18.61(0.02) 


16.46(0.01) 


0.82(0.03) 


oly 


29.6(2.3) 


7.69(0.23) 


7.64(0.17) 


-3.70(0.91) 


229053 


12 18 15.5 


+25 34 05 






17.32(0.02) 


0.89(0.08) 


par 


8.1(2.0) 


7.08(0.50) 






220321 


12 18 15.3 


+ 13 44 56 






15.29(0.00) 


1.46(0.02) 


oly 


16.7(1.7) 


7.50(0.22) 






223407 


12 18 43.8 


+ 12 23 08 


19.09(0.05) 


18.41(0.02) 


16.11(0.01) 


1.45(0.05) 


domi 


16.7(0.6) 


7.53(0.11) 


7.59(0.09) 


-1.72(0.17) 


220336 


12 1851.3 


+ 12 35 50 


18.19(0.03) 


17.83(0.02) 


16.10(0.01) 


0.95(0.04) 


par 


16.7(1.7) 


7.60(0.21) 


7.32(0.21) 


-1.64( 0.26) 


220354* 


12 19 15.6 


+06 17 37 


18.21(0.02) 


17.60(0.01) 


15.11(0.01) 


1.46(0.02) 


domi 


16.6(2.0) 


7.58(0.26) 


7.98(0.25) 


-1.62(0.42) 


223449* 


12 20 43.8 


+ 14 37 51 


19.29(0.07) 


18.65(0.03) 


16.41(0.01) 


1.21(0.03) 


oly 


16.7(0.6) 


7.31(0.15) 


7.45(0.12) 


-1.98(0.95) 


220409 


12 20 40.2 


+ 13 53 20 






16.27(0.01) 


0.31(0.02) 


oly 


16.7(1.7) 


7.65(0.21) 






229052 


12 2041.1 


+24 57 21 






21.29(0.14) 


0.80(0.43) 


pbphot 


9.5(2.3) 


7.04(0.50) 






224272* 


12 20 38.6 


+05 54 32 


20.60(0.08) 


20.02(0.04) 


17.48(0.01) 


1.33(0.07) 


oly 


16.6(2.0) 


7.49(0.27) 


7.02(0.26) 


-2.96( 0.63) 


220418 


12 20 57.6 


+06 20 23 






15.33(0.01) 


1.41(0.02) 


par 


16.4(2.5) 


7.49(0.32) 






220419* 


12 2100.1 


+ 12 43 33 


19.02(0.05) 


18.48(0.02) 


16.42(0.01) 


1.27(0.04) 


oly 


16.7(1.7) 


7.81(0.21) 


7.26(0.22) 


-2.52(0.83) 


220435 


12 2127.2 


+ 15 01 17 


20.10(0.12) 


19.71(0.06) 


20.12(0.09) 


0.82(0.34) 


pbphot 


16.7(1.7) 


7.59(0.21) 






220450 


12 22 07.6 


+ 15 47 56 


18.76(0.03) 


17.96(0.01) 


16.72(0.04) 


0.95(0.09) 


pbphot 


16.7(1.7) 


7.62(0.21) 






220460 


12 22 38.3 


+06 00 53 






16.26(0.01) 


1.57(0.08) 


par 


16.4(2.5) 


7.58(0.32) 






220483 


12 23 16.1 


+07 41 15 


-999(-999) 


22.04(0.11) 


18.35(0.07) 


1.87(0.80) 


pbphot 


16.4(2.5) 


7.23(0.34) 






220493 


12 23 28.4 


+05 48 59 






15.62(0.01) 


1.34(0.02) 


par 


16.4(2.5) 


7.57(0.32) 






226326* 


12 23 58.2 


+07 27 02 


18.60(0.02) 


18.50(0.01) 


17.70(0.01) 


0.59(0.04) 


oly 


16.6(2.0) 


7.63(0.25) 


6.39(0.27) 


-2.05( 0.28) 


227889* 


12 24 50.9 


+07 53 56 


19.92(0.06) 


19.79(0.03) 


18.20(0.02) 


1.26(0.14) 


par 


16.6(2.0) 


7.30(0.26) 


6.60(0.26) 


-2.78(0.28) 


220542* 


12 25 21.4 


+ 13 04 13 


18.61(0.03) 


18.30(0.01) 


16.27(0.01) 


1.20(0.04) 


par 


16.7(1.7) 


7.59(0.21) 


7.38(0.22) 


-2.11(0.34) 


224232* 


12 25 31.5 


+ 1109 30 


19.94(0.06) 


19.50(0.02) 


16.82(0.01) 


1.39(0.06) 


domi 


16.6(2.0) 


7.37(0.27) 


7.34(0.26) 


-3.10(0.59) 


749236 


12 25 42.4 


+26 48 36 






16.14(0.01) 


0.59(0.03) 


domi 


5.9(2.0) 


7.26(0.68) 






220555 


12 25 47.4 


+ 14 57 08 


18.55(0.03) 


17.90(0.01) 


14.90(0.01) 


1.53(0.02) 


domi 


16.7(1.7) 


7.66(0.21) 


8.12(0.22) 


-2.27( 0.52) 


749237 


12 26 23.4 


+27 44 44 






15.94(0.01) 


1.28(0.03) 


domi 


7.0(2.0) 


7.32(0.57) 






220609 


12 27 30.1 


+09 20 28 


19.15(0.03) 


18.71(0.02) 


16.56(0.02) 


1.42(0.07) 


pbphot 


16.4(2.5) 


7.22(0.34) 







00 



Table 1 — Continued 



AGC 


_Ryl(J2000) 


Dec(J2000) 


mpuv 


mifuv 


r 


u — r 


sFlag 


D 


log Mhi 


log M. 


log SFR 




[""=] 


r ' "] 


[mag] 


[mag] 


[mag] 


[mag] 




[Mpc] 


[Mq] 


[Mq] 


[Mq yr-1] 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


220616* 


12 27 33.4 


+ 10 00 14 


19.28(0.04) 18.31(0.02) 


14.98(0.01) 


1.81(0.04) 


par 


16.4(2.5) 


7.48(0.32) 


8.17(0.32) -2.52(0.74) 


223691* 


12 28 27.2 


+06 56 45 


19.98(0.06) 19.47(0.02) 


16.93(0.01) 


1.42(0.08) 


par 


16.6(2.0) 


7.23(0.27) 


7.15(0.25) -3.36(0.79) 


7596 


12 28 34.0 


+08 38 22 


18.27(0.03) 17.22(0.01) 


14.57(0.00) 


1.73(0.04) 


domi 


16.4(2.5) 


7.52(0.31) 


8.20(0.32) -1.29(0.58) 


222021 


12 28 55.4 


+08 49 00 


20.05(0.06) 19.96(0.04) 


20.59(0.17) 


0.55(0.44) 


pbphot 


16.6(2.0) 


7.68(0.25) 






227861 


12 29 59.4 


+08 25 54 


19.26(0.04) 18.34(0.02) 


15.42(0.00) 


1.50(0.02) 


domi 


16.6(2.0) 


7.50(0.26) 


7.85(0.25) -2.60( 0.76) 


223771 


12 30 32.3 


+ 10 15 39 






19.62(0.16) 


0.92(0.65) 


pbphot 


16.6(2.0) 


7.40(0.26) 






724906 


12 30 56.0 


+26 30 41 






16.94(0.01) 


1.04(0.04) 


domi 


11.6(2.3) 


7.40(0.40) 






220745* 


12 32 22.8 


+ 16 0107 


17.57(0.03) 17.23(0.01) 


14.79(0.00) 


1.54(0.02) 


domi 


16.7(1.7) 


7.93(0.21) 


8.17(0.21) -1.67(0.25) 


220755* 


12 32 46.4 


+07 47 57 


19.04(0.04) 18.63(0.02) 


16.01(0.01) 


1.32(0.04) 


par 


16.4(2.5) 


7.18(0.35) 


7.61(0.32) -2.67(0.55) 


220768 


12 33 09.9 


+ 1120 49 


17.89(0.03) 17.28(0.01) 


15.00(0.01) 


2.88(0.05) 


pbphot 


16.7(1.7) 


7.53(0.26) 






223873 


12 34 01.5 


+05 57 10 






18.23(0.05) 


2.28(0.66) 


pbphot 


16.6(2.0) 


7.44(0.25) 






220819 


12 35 30.9 


+06 20 02 


18.22(0.03) 17.68(0.01) 


14.45(0.00) 


1.43(0.01) 


domi 


15.8(6.4) 


7.52(0.81) 


8.36(0.81) -3.03(0.91) 


223913 


12 36 02.8 


+07 12 00 


22.09(0.55) 19.10(0.04) 


15.15(0.01) 


2.19(0.05) 


domi 


16.6(2.0) 


7.11(0.35) 


8.15(0.26) -4.17(0.69) 


220837 


12 36 34.9 


+08 03 17 


17.64(0.02) 16.88(0.01) 


14.30(0.00) 


1.82(0.02) 


pbphot 


16.4(2.5) 


7.41(0.31) 






220856 


12 38 06.8 


+ 10 09 54 


18.03(0.02) 17.89(0.01) 


16.60(0.01) 


0.65(0.02) 


oly 


16.7(1.7) 


7.49(0.23) 


6.80(0.20) -1.73(0.21) 


220860 


12 38 15.5 


+06 59 40 


18.92(0.03) 18.36(0.02) 








16.4(2.5) 


7.22(0.36) 






749241 


12 40 01.7 


+26 19 19 


19.54(0.04) 19.24(0.02) 


18.90(0.04) 


0.83(0.15) 


pbphot 


5.6(2.3) 


6.75(0.83) 






220903 


12 40 10.4 


+06 50 48 






16.00(0.01) 


1.26(0.05) 


par 


16.6(2.0) 


7.55(0.25) 






229001 


12 40 49.4 


+27 33 50 






16.57(0.01) 


1.16(0.03) 


domi 


21.3(2.3) 


7.60(0.26) 






7889 


12 43 07.7 


+ 12 03 04 


17.53(0.02) 16.31(0.01) 


13.16(0.00) 


1.65(0.01) 


domi 


16.7(1.7) 


7.69(0.21) 


8.91(0.23) -1.66(0.55) 


224296 


12 43 22.8 


+05 45 55 






17.04(0.03) 


1.26(0.07) 


par 


15.6(6.9) 


7.60(0.88) 






225876* 


12 44 57.9 


+ 12 0147 


20.26(0.07) 20.12(0.05) 


19.02(0.04) 


0.98(0.14) 


par 


16.4(6.5) 


7.61(0.80) 


6.00(0.80) -2.82( 0.82) 


221000* 


12 46 04.4 


+08 28 34 


17.04(0.01) 16.69(0.01) 


14.80(0.00) 


1.29(0.01) 


domi 


16.6(2.0) 


7.46(0.27) 


8.09(0.25) -1.33(0.27) 


221004 


12 46 15.3 


+ 10 12 20 


17.53(0.02) 17.10(0.01) 


15.53(0.01) 


1.13(0.03) 


domi 


16.7(1.7) 


7.66(0.22) 


7.65(0.22) -1.38(0.28) 


221013 


12 46 55.4 


+26 33 51 






14.21(0.00) 


1.43(0.01) 


domi 


10.4(2.3) 


7.23(0.45) 








227897 


12 50 04.2 


+06 50 51 




19.26(0.03) 


18.14(0.02) 


0.66(0.09) 


par 


16.6(2.0) 


7.43(0.27) 








227972 


12 50 24.0 


+04 54 22 






18.20(0.04) 


1.37(0.24) 


par 


16.6(2.0) 


7.41(0.26) 








227973 


12 50 39.9 


+05 20 52 






19.06(0.05) 


1.12(0.21) 


oly 


16.6(2.0) 


7.39(0.25) 








224229 


12 53 40.2 


+04 04 32 






16.62(0.01) 


1.50(0.05) 


domi 


16.6(2.0) 


7.48(0.26) 








224230 


12 53 43.3 


+04 09 14 






16.80(0.02) 


0.62(0.03) 


par 


16.6(2.0) 


7.64(0.25) 








8030 


12 54 29.1 


+26 18 13 






15.55(0.01) 


1.45(0.04) 


par 


7.8(2.3) 


7.38(0.60) 








225878 


12 56 03.1 


+ 12 07 59 






19.74(0.06) 


1.44(0.36) 


oly 


16.0(7.7) 


7.37(0.98) 








227974 


12 56 03.5 


+04 52 01 






19.48(0.05) 


2.89(1.20) 


pbphot 


16.6(2.0) 


7.68(0.25) 








227975 


1257 18.1 


+04 59 29 






18.77(0.05) 


0.83(0.13) 


oly 


16.6(2.0) 


7.53(0.25) 








8091 


12 58 40.4 


+ 14 13 02 






15.59(0.01) 


1.43(0.03) 


pbphot 


2.1(0.1) 


7.05(0.12) 








732418 


12 59 08.2 


+26 22 39 






16.83(0.01) 


1.23(0.04) 


par 


15.0(3.1) 


7.15(0.44) 








225851 


12 59 42.6 


+ 1104 38 


18.24(0.04 


) 17.90(0.02) 


16.19(0.01) 


1.10(0.02) 


pbphot 


42.4(2.3) 


8.62(0.13) 








225852 


12 59 41.9 


+ 10 43 40 


18.39(0.04 


) 18.07(0.02) 


16.35(0.01) 


1.02(0.03) 


domi 


16.6(2.0) 


7.67(0.25) 


7.26(0.25) -1.82(0.28) 


233575* 


13 02 52.5 


+ 13 09 23 


20.42(0. If 


) 20.17(0.10) 


18.74(0.04) 


1.55(0.20) 


domi 


46.4(2.3) 


8.54(0.12) 


7.14(0.13) -1.98(0.21) 


238737 


13 13 04.4 


+06 17 07 






17.32(0.02) 


0.90(0.09) 


par 


16.9(5.4) 


7.46(0.65) 












Table 1 — Continued 



AGC 


RA(S200Q) 


Dec(J2000) 


mpuv 


niNuv 


r 


u — r 


sFlag 


D 


log Mh I 


log M, 


log SFR 




J.™. J 


[° ' "] 


[mag] 


[mag] 


[mag] 


[mag] 




[Mpc] 


[Mq] 


[Mq] 


[Mgyr-i] 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


233627 


13 19 53.0 


+13 48 23 


18.84(0.04) 


18.63(0.02) 


18.69(0.03) 


0.72(0.11) 


pbphot 


16.8(5.2) 


7.98(0.62) 






732602 


13 2104.8 


+24 08 36 






16.06(0.01) 


1.19(0.03) 


domi 


11.6(2.3) 


7.41(0.41) 






238691* 


13 25 17.6 


+05 32 36 


20.42(0.10) 


19.73(0.06) 


16.79(0.02) 


1.42(0.07) 


par 


16.7(4.9) 


7.30(0.60) 


7.31(0.60) 


^3.51(0.95) 


233559 


13 28 47.3 


+10 57 41 


19.69(0.08) 


19.89(0.05) 


18.81(0.05) 


1.13(0.24) 


pbphot 


16.0(5.0) 


7.42(0.63) 






238890 


13 32 30.3 


+25 07 24 






15.96(0.01) 


1.71(0.04) 


domi 


6.6(2.0) 


6.56(0.62) 






8638 


13 39 19.3 


+24 46 28 






14.43(0.00) 


1.57(0.02) 


pbphot 


4.3(0.4) 


7.27(0.17) 






238847 


13 45 09.7 


+27 20 11 






19.03(0.05) 


0.60(0.15) 


pbphot 


14.1(2.3) 


7.47(0.34) 






233681 


13 47 16.0 


+13 10 38 






17.60(0.02) 


1.04(0.10) 


oly 


21.2(2.3) 


7.69(0.24) 






713655 


13 48 22.8 


+08 12 41 






17.06(0.01) 


0.63(0.03) 


oly 


21.7(2.3) 


7.55(0.23) 






231980 


13 54 33.5 


+04 14 40 


19.29(0.05) 


18.81(0.03) 


21.05(0.11) 


0.87(0.41) 


pbphot 


2.6(0.2) 


6.11(0.17) 






238643 


13 55 58.3 


+08 59 36 


19.21(0.04) 


18.88(0.02) 


18.97(0.02) 


0.35(0.07) 


pbphot 


22.3(2.3) 


7.61(0.23) 






233718* 


13 58 43.4 


+14 15 41 


18.28(0.02) 


18.06(0.01) 


16.54(0.01) 


1.12(0.02) 


domi 


23.1(2.3) 


8.01(0.21) 


7.59(0.22) 


-1.69(0.24) 


732832 


13 58 45.0 


+24 09 05 






16.40(0.00) 


1.46(0.02) 


oly 


18.4(2.3) 


7.58(0.27) 






243852 


14 07 04.5 


+10 42 46 


18.40(0.03) 


18.07(0.01) 


16.59(0.01) 


0.63(0.03) 


pbphot 


21.5(2.3) 


7.90(0.23) 






244129 


14 18 53.5 


+09 17 29 






17.30(0.02) 


1.12(0.05) 


domi 


21.7(2.3) 


7.56(0.25) 






241893* 


14 39 44.5 


+05 21 12 


18.66(0.03) 


18.24(0.02) 


16.14(0.01) 


1.25(0.04) 


domi 


28.4(2.3) 
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Fig. 1. — HI properties of the full ALFALFA dwarf sample. In all panels, the shaded area identifies the galaxies in the 
complete HI mass/velocity width-limited sample s-com (total = 176) while the unfilled area represents the additional 
galaxies with GALEX photometry in the s-sup sample (total = 53). Top left: the distribution of HI line recessional 
velocity czhi- Top right: the distribution of HI line velocity width W^q. The dashed vertical line corresponds to the 
14^50 cutoff (W50 < 80 km s^^) imposed on the s-com sample. Bottom left: the distribution of adopted distance to the 
ALFALFA dwarfs. The peak in the distribution at 16.7 Mpc reflects the assignment of 37 galaxies to membership in 
the Virgo cluster. Bottom right: the distribution of HI mass. The dashed vertical line corresponds to the Mhi cutoff 
{Mhi < 10^'^M©) imposed on the s-com sample. 
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Fig. 2. — Spaenhauer diagram showing HI mass versus distance for the ALFALFA dwarf galaxy sample. Filled 
circles denotes the lowest HI mass s-com members; whereas open ones identify the supplementary s-sup galaxies. The 
horizontal dashed line corresponds to the Mhi cutoff at Mhi = lO^'^M© imposed on the s-com sample. 
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Fig. 3. — Example of the UV isophotal fitting result for AGC 110482 = KK 13, a galaxy which shows star formation in 
two UV bright knots. The enclosed magnitude (m), position angle (6), ellipticity (e = 1 — b/a), and surface brightness 
(/i) of the elliptical isophote as a function of the semi-major axis of the isophote (r), are plotted in rows from top to 
bottom. Results for the NUV image are shown in the left panels, for the FUV image on the right. Numbers at the 
corners of each plot in the top row give the exposure times in each channel. The marked disk region is denoted by the 
vertical dash-dotted lines. Horizontal dashed lines represent the adopted magnitude msro (flux within 8r£)) in the m 
plot, and final values determined from the mean of data points in the disk region in the 9 and e plots. Dashed lines 
in the /i plots show the linear fit to the light profile in the adopted disk region, assuming and exponential drop off in 
surface brightness. 
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Fig. 4. — Example of the isophotal fitting result for AGC 122212 fit best by a combinationof a twodisks. The symbol 
definition is the same as that in Figure |3] This galaxy has a shallower outer disk in both the NUV and FUV images. 
Separate linear functions are fit to the inner and outer regions; the inner fit determines the disk scale length and the 
outer fit is used for extrapolating the profile. 
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Fig. 5. — Example of the isophotal fitting result for AGC 213796. The symbol definition is the same as that in Figure 
[3] This galaxy exhibits a two-disk structure only in the NUV, either because the emission in the FUV image is too 
weak to trace the outer disk, or the extended outer disk is not actively forming stars. The traceable FUV disk matches 
the inner NUV disk. Similar results are observed in a total of 15 galaxies which are assigned to this category. 
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Fig. 6. — Example of the isophotal fitting result for AGC 212824 = KK 100, which has an outer disk that is steeper 
than the inner one. The symbol definition is the same as that in Figure [3] This object has the highest HI mass of any 
galaxy in the supplementary s-sup sample, log Mhi = 9.04. The flattening of the UV profile may be due to higher 
extinction in the center regions or, alternatively to a higher efficiency of star formation in the inner disk. 
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Fig. 7. — Gallery of ALFALFA dwarf galaxies discussed in text. Inverted SDSS images, 1.5' on a side, are shown to 
the left of the GALEX images (not inverted) of the same galaxies. First row: AGC 122212 (left) and AGC 213796 
(right) both belong to the s-com sample and have shallower outer disks in NUV. The latter has no FUV outer disk. 
Second row: AGC 212824 - KK lOO(left) is patchy and has a steeper UV outer disk. It is also the most HI massive 
galaxy in the ALFALFA dwarf sample, belonging to the s-sup set. AGC 223913 = VCC 1649 (right) is a dE/dSph 
in Virgo with the lowest SSFRs among the s-sed set (see its definition in il4.1b . i.e. it SF is suppressed. Third row: 
AGC 200512 = LeG 6 (left) is LSB and thus is shredded by the GALEX pipeline measurement in FUV. AGC 174514 
(right) has the highest fgas value and bluest u — r color among the s-sed galaxies. Faint patches nearby may be 
associated with the same object. Bottom row: AGC 220856 = VCC 1744 (left) and UGC 7889 = NGC 4641 (right) 
are both BCDs in Virgo. The former suffers from serious emission line contamination and has the highest 6-parameter 
value among the s-sed objects. 
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Fig. 8. — Comparison of the total UV magnitudes of the ALFALFA dwarf sample obtained by using the GALPHOT 
package with those derived from the GALEX pipeline. The magnitude difference is defined as (magcALPHOT- 
vaagGno). Results for the NUV channel are shown in the left panel, for the FUV on the right. Filled circles denote 
the galaxies within the complete s-com sample and open ones, the additional s-sup objects. The galaxies which are 
completely missed by the pipeline are excluded from these plots. Upper : The magnitude difference as a function of 
our measurements. In general, the GALPHOT photometry measures a brighter magnitude for a significant number 
of galaxies, especially in the FUV. Lower : The magnitude difference as a function of disk scale length r^ on a 
logarithmic scale. A weak trend is seen that the pipeline becomes ineffective at detecting all emission in the more 
extended galaxies. Disk scale lengths are smaller on average in the FUV, i.e., the SFR is more centrally concentrated. 
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Fig. 9. — The UV-to-optical colors of the ALFALFA dwarfs. Filled circles identify dwarfs in the lowest HI mass 
complete s-com sample, while open ones represent the additonal s-sup galaxies. Left: Color-magnitude diagram. 
Unsurprisingly, nearly all the ALFAL FA dwarf galaxies a re less luminous than Mr — —18, and lie below the blue 
cloud - red sequence divider quoted by ISalim et al.l (120071) . niNuv — ^ ^ 4. Right: Color-color plot. Within the blue 
color range occupied by the sample overall, the rriNuv ~ r color is well correlated with the u — r color, with the 
former probing a larger dynamical range, d{mNuv — r)/d{u — r) ^ 2. 
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Fig. 10. — S-band absolute magnitude distribution of the 152 galaxies with acceptable SDSS magnitudes. Solid 
histograms indicate the ALFALFA dwarf galaxies, with the shaded area tracing the s-com sample and the open area, 
the s-sup galaxies. In comparison, the dashed histogram shows the distribution for the 1 IHUGS sample. Although the 
s-com sample extends to lower HI mass and its galaxies have, on average, lower gas fractions, both ALFALFA and 
1 IHUGS probe to comparably faint optical absolute magnitudes. 
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Fig. 1 1 . — Comparison of SFR measures for the ALFALFA dwarf sample with open circles identifying the lower HI 
mass s-com galaxies and filled ones, the additional s-sup galaxies in each panel. Panel (a): SFRpuv obtained by 
the standard conversion from FUV luminosity, (Eqn|2) without attenuation correction, versus SFRsed derived from 
SED-fitting. Panel (b): Same as panel (a) except that Apuv, derived by SED fitting, have been applied to SFRpuv- 
The FUV magnitudes tend to over-predict SFRs below ^ 10~^ M© yr~^, which may due to the bursty nature of star 
formation in dwarfs. Panel (c): SFRpuv compared with SFRna, derived from the SDSS spectroscopic data (MPA- 
JHU DR7 measurements). Though our aperture correction tends to overestimate SFRhu, the deficiency of SFRho 
is still visible. We are limited by the small number of the s-sed galaxies with usable SDSS data. Panel (d): SFRs 
derived from SED fitting only to the SDSS bands compared with SFR^a- A weak trend exists that Ha under-predicts 
the SFR below ~ 10"^ Mq yr^^. The dash-dotted line is the linear fit to the data points, with a slope steeper than the 
one-to-one dashed Une. 
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Fig. 12. — The ALFALFA dwarfs on the star forming sequence. Black contours and grey small points depict the 
distribution for the parent q;.40-SDSS sample, in high and low number density regions respectively. All the other 
colored symbols represent the s-sed galaxies (74 of them) with reliable UV/optical magnitudes so that the SED fitting 
can be applied. Filled symbols belong to the s-com (45) while open ones to the s-sup sample (29); red squares denotes 
Virgo Cluster members (17) while blue circles are outside of Virgo (57); bigger symbols represent galaxies with SED 
fitting xl^gf < 10 (46) while smaller ones have xLst -* ^^ i^^)- The typical error bars for the s-sed galaxies are 
plotted in the bottom left corners. The horizontal layout shows the run of stellar mass, u — r, and the m^uv — r color 
In the vertical direction we examine the SFR, SSFR and the birthrate parameter b. Note that the mMUV — r range is 
scaled to be two times that of the u — r color (refer to Figure |9}. 
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Fig. 13. — Star formation efficiency (SFE — SFR/Mhi) and gas depletion timescale (Tcons = SFE~^). Symbol 
definition follows Figure [12] The green dash-dotted line corresponds to SFE ~ t^, where tn is the Hubble time. 
Left: SFE against stellar mass. The SFEs of ALFALFA detections are on average lower than optically selected 
galaxies. The averaged SFEs in each stellar mass bin increase slowly with stellar mass, with the SFE ^ t~^ at the 
low mass end. Selected to have lower fgas compared to the q:.40-SDSS galaxies in this stellar mass range, the s-sed 
galaxies have higher SFEs compared to the general trend if extrapolated into this stellar mass range. A large portion 



of them even have T-, 



< 



tn- In particular, the majority of Virgo members in the s-sed sample have Tc, 



< 



tH. 



Middle and right: The SFE is seen to vary very little with color in either the optical or optical/UV bands. 
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Fig. 14. — HI mass and gas fraction, fgas = Mhi/M^,. Symbol definition follows Figure [T2] Upper row: Mhi as a 
function of stellar mass and colors. The dashed line corresponds to the cutoff in Mhi of the s-com sample. The Mhi 
increases with A/*, with the s-sed lying on the low mass tail. At a given Mhi, Virgo members (red squares) have on 
average lower fgas- Bottom row: fgas as a function of the three. The dashed line corresponds to Mhi = M^,, while 
the black dash-dotted line shows again Mhi = 10^'' M©. Because ALFALFA is biased against gas-poor galaxies, 
the correlation that fgas decreases with increasing M* is clean. Specifically, the HI mass selection of the ALFALFA 
dwarf sample results in low fgas, relative to the a.40-SDSS in this stellar mass range. However, 46 of the 74 s-sed 
ALFALFA dwarfs still have fgas > 1. For galaxies bluewards of u — r = 2, fgas is lower in the redder ones. 
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Fig. 15. — Gas content and star formation. Symbol definition follows Figure [T2l Panel {a): The SFR increases 
with the HI mass. The dotted line has a slope of 1.2, corresponding to the linear fit to all the a.40-SDSS galaxies. 
The dashed line, of slightly steeper slope 1.5 is the linear fit to the s-sed only. Panel (b): Both axes in panel (a) are 
normalized by the stellar mass. Besides the general trend that the SSFR increases with the gas fraction, the SSFRs of a 
subset of galaxies drop dramatically once the gas fraction is below ^^ 0.3. Panel (c): SSFRs decrease with increasing 
stellar surface mass density, /i* . s-sed have relatively low /i* . Panel (d): By assuming that the aperture \y ith a radius of 
''50,2 also contains half of the stellar mass, SFR and HI mass, the star formation law iKennicuttI i 1 998bh is substituted 
into the expression o f SSFR, resulting in the quantity on x-axis. The adopted values of the scaling factor C and 
exponent a reflect the iKennic utt ( 1998b) result. Although a clear correlation appears, the main distribution is shifted 
to the right of the dashed one-to-one line. 



